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Abstract
In the past decades, the miniaturization in optics led to new devices with struc-
tural sizes in the range of the light wavelength, where the photonic modes are con-
fined and the number of states is limited. In the smallest microcavities, i.e. microm-
eter sized optical resonators, the propagation of only one mode is permitted that
is simultaneously amplified internally. This particularly strong enhancement of the
electric field is directly related to the quality factor of the cavity. By introducing
an optical dipole into a high-Q microcavity, the spontaneous emission is amplified
at the cavity mode frequency enabling stimulated emission in an inverted system.
Although some of theses cavity effects can only be understood by quantum elec-
trodynamic theory, most mechanisms are accessible by classical and semi-classical
approaches.
In this thesis, one-dimensional planar microcavities with quality factors up to
4500 have been fabricated by physical vapor deposition of dielectric thin films and
organic active materials. A new cavity design based on anisotropic dielectric mir-
rors grown by oblique angle deposition microcavities with two energetically shifted
orthogonally polarized modes is presented. The application of these anisotropic
structures for terahertz difference signal generation is demonstrated in spectrally
and time resolved transmission experiments, where optical beats with repetition
rates in the terahertz range are observed.
Optically pumped organic vertical cavity surface emitting lasers (VCSELs) have
been realized by applying an organic solid state laser compound and high reflectance
distributed Bragg reflectors. These lasers combine a very low laser threshold with
small beam divergence and good stability. A transfer of the anisotropic design to-
wards an organic VCSEL results in the generation of two perpendicularly polarized
laser modes with a splitting adjustable by the fabrication conditions. The observa-
tion of an oscillation of two laser modes in a photomixing experiment proves a phase
coupling mechanism. This demonstrates the potential of the anisotropic cavity de-
sign for a passive or active component in a terahertz radiation source or frequency
generator.
Furthermore, microcavities with two and three coupled resonators are investi-
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gated. By the application of time-resolved transmission experiments, spatial oscil-
lations of the internal electric field - photonic Bloch oscillations - are successfully
demonstrated. In combination with the anisotropic microcavities, this is a second
concept for the modulation of transmitted light with terahertz frequencies.
All experiments are accompanied by numerical or analytical models. Transmis-
sion experiments of continuously incident light and single laser pulses are compared
with transfer matrix simulations and Fourier transform based approaches. For the
modeling of emission experiments, a plane wave expansion method is successfully
used. For the analysis of the organic VCSEL dynamics, we apply a set of rate
equations that explains the gain switching process.
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1 Introduction
Photonics are a major driver of the technological development in the 21st century
[1]. It may continue the line, started by the mechanical engines and continued by
electricity and electronics in the past centuries. A commonly used photonic device
is the laser, which was invented already half a century ago and very early became
an established instrument in research and industry. Lasers control and amplify light
in a resonator with a usually macroscopic dimension. In the most simple resonator
specification, a laser consists of an active medium in between two planar mirrors.
Optical resonators with sizes on the scale of the photon wavelength are the ultimate
goal in miniaturization of devices for guidance, manipulation, and amplification of
light. These so-called microcavities are demonstrated in several configurations as,
e.g., micropillars, microdisks, microspheres, or microtoroids [2]. Already in 1946,
Purcell observed an enhanced transition between oscillator states, if the transition
frequency correlates with the resonance frequency of the cavity. Microcavities apply
this effect in the form of the vertical-cavity surface-emitting laser, which was invented
in 1977 and is now widely used in optical fiber networks [3].
Beside their commercial applications, microcavities are still a focus of interest
in science. For instance, the strong optical confinement allows for the generation of
cavity polaritons. These quasi-particles are a coherent superposition of an exciton
and a photon. In theory, a polariton based laser would fulfill a long-cherished dream
of a thresholdless source of coherent radiation [4]. Semiconductor polaritons have
been demonstrated first in inorganic microcavities in 1992 [5], and later in 1998 also
in organic structures [6].
There is an opportunity for organic semiconductors to substitute their inorganic
counterparts in certain lighting, memory, and light harvesting applications. Organic
light emitting diodes (OLEDs) have already entered the market with their advan-
tage of low production costs, mechanical flexibility and nearly unlimited number
of potential material configurations. Organic semiconductor lasers have been first
demonstrated in 1996 [7] and are implemented in microcavities in the same year [8].
However, an application as active medium within organic VCSELs is highly demand-
ing since the high excitation density drastically decreases the stability of common
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organic molecules.
The most fascinating feature of the devices investigated within this thesis is the
combination of a rather simple way of fabrication and the generation of optical
effects as coherent light emission and terahertz signal beating. The demands on
the fabrication process concerning quality and precision control are rather high and
have to be taken into account. Nevertheless, high quality microcavities and even
organic VCSELs with excellent optical properties can be made within a standard
high vacuum process. With a knowledge of the important parameters, we can build
a microlaser by a precise arrangement of common dielectric oxides as SiO2 and TiO2,
and an organic dye composite.
Within this framework, we have studied planar microcavities in several different
modifications. All structures have the same design in common, where two mirrors
surround a solid medium with a thickness in the order of the wavelength of light.
At the beginning, the work is focussed on the fabrication of high quality resonators.
For this purpose, we have improved the deposition process to enable the produc-
tion of very high reflective mirrors. The first structures containing such distributed
Bragg reflectors (DBRs) are filled with a dielectric material and are called passive
microcavities. These devices confine light incident from the outside. Their opti-
cal properties are studied by reflection and transmission measurements in linear or
picosecond time-resolved regimes. We demonstrate the accumulation of photons be-
tween the two mirrors in experiment and theoretical models. By the introduction
of an structural anisotropy, we generate a transmission signal with a beating in the
terahertz frequency range. Such a terahertz signal generation is also investigated
in coupled microcavities, which consist of two resonator layers and an additional
mirror to separate them.
Another class of microresonators investigated contains organic dyes that interact
with incident light and are therefore called active microcavities. These microcavities
can be distinguished by the internal coupling mechanism of light and matter. In the
strong-coupling regime, a strong interaction of the organic material and the photon
mode is resulting in the creation of polaritons. If the light-matter interaction is
weak, the influence of the microcavity on the emission from the dyes prevails (weak-
coupling regime). Here, the Purcell effect leads to an enhanced spontaneous emission
rate, which is later used for the ultimate goal of the fabrication of an organic VCSEL.
This laser system is studied and modeled in several experiments and provides one of
the lowest lasing thresholds of organic microlasers. A terahertz beating, similar to
that in passive structures, is also detected in the emission of organic VCSELs with
anisotropic DBRs.
This thesis is separated in seven Chapters. In the following Chapters 2 and 3,
the fundamentals of thin film optics and their influence on planar microcavities and
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light emission are discussed. Chapter 4 is dedicated to the experimental methods of
sample fabrication and optical characterization as well as to the applied materials.
In Chapter 5, we start the presentation of the results of this work with a focus on
the passive structures. The following Chapter 6 is concentrated on the description of
experimental results and theoretical modeling of the active microcavities working in
the weak- and the strong-coupling regime. This Chapter is concluded by the reports
on organic microlasers. Chapter 7 summarizes the results of this thesis and presents
an outlook on future investigations.

2 Light propagation in stratified
media
This Chapter is focussed on the basic modeling concepts of the linear optical prop-
erties of stratified media. Beginning with the effects at a single boundary, it contin-
ues with a description of the transfer matrix algorithm, to explain the interference
of light in multilayer optical thin films. At the end, the transfer matrix method is
applied in the characterization of distributed Bragg reflectors and microcavities.
2.1 Reflection and refraction at a single boundary
In quantum mechanics light has wave and particle properties. Following the explana-
tion of reflection and refraction in stratified media in Ref. [9–11], light is considered
as a propagating electromagnetic wave with a harmonic time dependence of the
electric field E and the magnetic field H:
E(r, t) = E(r)eiωt, (2.1)
H(r, t) = H(r)eiωt, (2.2)
where r is the position vector in Cartesian coordinates, t is the time, and ω the
circular frequency.
For an isotropic, linear and time independent medium, the Helmholtz equation
describes the electric field E of an electromagnetic wave by :
∇2E(r, t) + k(r)2E(r, t) = 0, (2.3)
k(r) =
ωn(r)
c
=
2πn(r)
λ
, (2.4)
where n(r) =
√
ε(r)µ(r) is the complex refractive index with ε(r) as the dielectric
constant and the magnetic permeability µ(r), c the speed of light and the wavelength
λ. For dielectric materials, ε(r) is a real number, but in case of a conductor it
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becomes complex and depends on the specific conductivity σ by ε = ε′ + i4πσ/ω.
The wave vector k points in the direction of propagation with the unit vector ek:
k(r) = k(r)ek(r). (2.5)
Since H can be directly calculated from E via
H =
√
ε
µ
ek × E, (2.6)
we only consider the electric field in the further description.
Figure 2.1: Reflection and refraction of an electromagnetic wave at an optical boundary.
In the following, the behavior of a planar wave at an optical boundary is dis-
cussed. Two homogeneous, semiinfinite media have an interface at the position
z = 0, with refractive indices of n1 and n2 (Fig. 2.1). In general, the refractive index
is a complex number, with a real part describing the refraction ratio of a medium
and air, and an imaginary part, which characterizes the absorption or gain of light
in the corresponding medium. The plane of the boundary is assumed to have in-
finite extensions in x- and y-direction. The electric field can have components in
arbitrary direction. Without loss of generality, all calculations can be performed,
assuming two perpendicular polarizations. In case of transversal magnetic (TM) or
p-polarization, the electric field oscillates in the x-z-plane and the magnetic field is
for all possible angles of incidence parallel to the boundary. For transversal electric
(TE) or s-polarization, the electric field is oscillating in the x-y-plane. The sepa-
ration in TE and TM polarization is allowed for linear media and all polarizations
are modeled by an appropriate superposition of the two solutions. The terms of s-
and p-polarization are directly connected to the coordinates of a layered system. If
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there is no layer present, the polarization directions have no physical significance.
In a homogeneous medium Eq. (2.3) has two solutions, a forward and a backward
traveling wave:
Ef (r, t) = Ef e
iωt−kr e⊥k, (2.7)
Eb(r, t) = Eb e
iωt+kr e⊥k. (2.8)
In both cases, the electric field is perpendicular to the wave vector. The boundary
conditions from the Maxwell equations on the tangential components of the electric
and magnetic field vectors require that Ex, Ey, Hx and Hy are continuous at the
interface at z = 0.
2.1.1 Reflection and transmission of the TE (s) wave
Imposing the continuity of Ey and Hx at the interface leads to
Ef,1s + Eb,1s = Ef,2s + Eb,2s, (2.9)√
ε1
µ1
(Ef,1s − Eb,1s) cos θ1 =
√
ε2
µ2
(Ef,2s − Eb,2s) cos θ2, (2.10)
where θ1 and θ2 are the angles of the wave vectors k1 and k2, respectively, with
the normal to the interface. In a matrix representation, the two equations can be
rewritten as
D1s
(
Ef,1s
Eb,1s
)
= D2s
(
Ef,2s
Eb,2s
)
, (2.11)
where
Dis =
(
1 1√
εi
µi
cos θi −
√
εi
µi
cos θi
)
, i = 1, 2. (2.12)
The matrix Dis is called the dynamical matrix of the s wave for the medium i
(i= 1, 2). The reflection and transmission coefficients of light incident from medium
1 (Eb,2s = 0) for the boundary are defined as
rs =
(
Eb,1s
Ef,1s
)
, ts =
(
Ef,2s
Ef,1s
)
. (2.13)
Most materials can be assumed as non-magnetic in the optical range, which means
a magnetic permeability equal unity: µ1 = µ2 = 1. From the definitions (2.13) and
the boundary conditions (2.9, 2.10), one obtains
rs =
n1 cos θ1 − n2 cos θ2
n1 cos θ1 + n2 cos θ2
(2.14)
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and
ts =
2n1 cos θ1
n1 cos θ1 + n2 cos θ2
. (2.15)
2.1.2 Reflection and transmission of the TM (p) wave
Imposing the continuity of Ex and Hy at the interface leads to
(Ef,1p + Eb,1p) cos θ1 = (Ef,2p + Eb,2p) cos θ2, (2.16)√
ε1
µ1
(Ef,1s − Eb,1s) =
√
ε2
µ2
(Ef,2s − Eb,2s). (2.17)
Again, in the matrix representation these two equations can be rewritten as
D1p
(
Ef,1p
Eb,1p
)
= D2p
(
Ef,2p
Eb,2p
)
, (2.18)
where
Dip =
(
cos θi cos θi√
εi
µi
−
√
εi
µi
)
, i = 1, 2. (2.19)
The matrix Dip is called the dynamical matrix of the p wave for the medium i
(i= 1, 2). For light incident from medium 1 (Eb,2s = 0), the reflection and transmis-
sion coefficients of the boundary are given as
rp =
(
Eb,1p
Ef,1p
)
, tp =
(
Ef,2p
Ef,1p
)
. (2.20)
From the definitions (2.20) and the boundary conditions (2.16, 2.17), one obtains
rp =
n1 cos θ2 − n2 cos θ1
n1 cos θ2 + n2 cos θ1
(2.21)
and
tp =
2n1 cos θ1
n1 cos θ2 + n2 cos θ1
, (2.22)
where again µ1 = µ2 is assumed. The Equations (2.14), (2.15), (2.21) and (2.22) are
commonly called Fresnel formulas, rs and rp are the Fresnel reflection coefficients
and ts and tp the Fresnel transmission coefficients. These equations are valid for any
two media, even for total reflection and absorbing materials.
2.1.3 Reflectance and transmittance
The Fresnel formulas give the ratios of the amplitudes of the reflected or transmitted
wave to the incident wave. The energy flow per unit time in direction of the wave
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propagation is given by the time averaged Poynting vector S:
S =
c
4π
√
ε
µ
E2 ek. (2.23)
As a consequence of the Maxwell equations, the tangential components of the energy
flow are unaffected by the boundary. Thus, for the determination of the reflected
and transmitted energy, we only consider the normal component of the Poynting
vectors with respect to the boundary surface. The reflectance and transmittance
are defined as
Rs =
∣∣∣∣
ez · Sb,1s
ez · Sf,1s
∣∣∣∣ , Rp =
∣∣∣∣
ez · Sb,1p
ez · Sf,1p
∣∣∣∣ , (2.24)
Ts =
∣∣∣∣
ez · Sf,2s
ez · Sf,1s
∣∣∣∣ , Tp =
∣∣∣∣
ez · Sf,2p
ez · Sf,1p
∣∣∣∣ , (2.25)
where the unit vector perpendicular to the boundary surface is expressed by ez. In
accordance with the definition, the reflectance and transmittance are related to the
Fresnel coefficients by
Rs = |rs|2 , (2.26)
Rp = |rp|2 , (2.27)
Ts =
n2 cos θ2 |ts|2
n1 cos θ1
, (2.28)
Tp =
n2 cos θ2 |tp|2
n1 cos θ1
. (2.29)
2.2 Multilayer structures
Within the framework of this thesis, different optical multilayer structures are in-
vestigated concerning their reflectance, transmittance, and other optical properties.
These, at first glance complicated, systems can be theoretically analyzed by a fast
algorithm, the transfer matrix method. This procedure is an often used numerical
technique in the modeling of one-dimensional problems. In this section, we describe
the application of this method in thin film optics. Extensive treatment of the theo-
retical background can be found in literature [9–14].
A multilayer stack of N homogeneous layers is embedded between two semi-
infinite media (Fig. 2.2 a). The light enters the structure from the medium with
the refractive index n0, which is referred to as the ambient medium. The opposite
medium with ns may be regarded as the substrate.
Due to the layer homogeneity along the x,y-plane, there exist again two solutions
for the electric field amplitude, a forward and a backward traveling wave. In the
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Figure 2.2: A multilayer stack (a) and a single layer (b) as used in the transfer matrix
model.
first step, the optical properties of a single layer are considered (Fig 2.2 b). The am-
plitudes of the forward and backward propagating waves are represented as column
vectors. At a boundary, these vectors are linked by the dynamic matrices introduced
in Sec. 2.1.1 and Sec. 2.1.2. The column vectors are related by
(
E ′f,1
E ′b,1
)
= D−11 D2
(
Ef,2
Eb,2
)
≡ D12
(
Ef,2
Eb,2
)
, (2.30)
(
Ef,2
Eb,2
)
= P2
(
E ′f,2
E ′b,2
)
=
(
eiφ2 0
0 e−iφ2
)(
E ′f,2
E ′b,2
)
, (2.31)
(
E ′f,2
E ′b,2
)
= D−12 D3
(
Ef,3
Eb,3
)
≡ D23
(
Ef,3
Eb,3
)
. (2.32)
P2 is the propagation matrix of the layer 2 and gives the phase shift between the
two interfaces of the layer, where the phase φ2 is without loss of generality given by
φ2 = k2xd2 =
2π
λ
n2d2 cos θ2. (2.33)
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The matrices D12 and D23 are the so-called transmission matrices of the respec-
tive interface and can be rewritten formally by applying the Fresnel coefficients of
Equations (2.14), (2.15), (2.21), and (2.22) as
D12 =
1
t12
(
1 r12
r12 1
)
. (2.34)
D23 is similar to D12, only the subscript indices need to be replaced. From the
Equations (2.30), (2.30) and (2.32) the transfer of the electric field from layer 1 into
layer 3 is represented by
(
E ′f,1
E ′b,1
)
= D−11 D2P2D
−1
2 D3
(
Ef,3
Eb,3
)
. (2.35)
The same procedure can now be applied for the multilayer stack. Here the trans-
mission and reflection properties can be calculated by multiplying the corresponding
matrices for each layer:
(
E ′f,0
E ′b,0
)
= D−10
(
N∏
i=1
DiPiD
−1
i
)
Ds
(
Ef,s
Eb,s
)
≡ D−10 M̃Ds
(
Ef,s
Eb,s
)
≡M
(
Ef,s
Eb,s
)
,
(2.36)
where M̃ is the characteristic matrix of all layers and M is the characteristic matrix
of the complete structure including the ambient material and the substrate. In a
2× 2 representation the characteristic matrix has the form of
M =
(
M11 M12
M21 M22
)
. (2.37)
In the case of a lossless ambient medium with a real refractive index n0, the re-
flectance of the system is given by
R = |r2| =
∣∣∣∣
M21
M11
∣∣∣∣
2
. (2.38)
Accordingly, the transmittance can be calculated with a component of the charac-
teristic matrix, if the surrounding media are both lossless. Then the transmittance
T can be modeled as
T =
ns cos θs
n0 cos θ0
|t2| = ns cos θs
n0 cos θ0
∣∣∣∣
1
M11
∣∣∣∣
2
. (2.39)
In the general description of the transfer matrix algorithm so far, the polarization
is neglected. If necessary, the polarization dependent characters can be adapted to
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the respective mode. With the accurate knowledge of the layer and experimental
parameters of thickness d, complex refractive index n, angle of incidence θ0 and
polarization, the optical properties of an optical thin film structure can be accurately
simulated.
It has to be stated that the results of the transfer matrix algorithm are steady
state solutions, where light is incident with an constant intensity in time. For a
pulsed regime, the transfer matrix method should be used only with special precau-
tions.
Within the framework of this thesis, the transfer matrix calculations and fittings
are performed by the commercial software FilmWizard1.
2.3 Distributed Bragg reflector
A distributed Bragg reflector (DBR) is a multilayer structure consisting of pairs of
dielectric films with alternating high (H) and low (L) refractive index and quarter
wave optical thickness (QWOT) at a certain design wavelength λd, where nHdH =
nLdL =
1
4
λd. In a DBR, the periodic layers with structure sizes of the order of
the light wavelength form the simplest example of a one-dimensional photonic crys-
tal [15]. In accordance with Eq. (2.36), the characteristic matrix of a DBR with
outermost high index layers has the form
M =
(
M11 M12
M21 M22
)
= D−10
[
DHPHD
−1
H DLPLD
−1
L
]N
DHPHD
−1
H Ds = D
−1
0 M̃(HL)NHDs,
(2.40)
where (2N + 1) is the number of the layers in the stack and M̃(HL)NH represents the
characteristic matrix of the DBR without the ambient and the substrate elements.
The DBR is embedded in the ambient medium with the refractive index n0 and
the substrate with ns as the index of refraction. For the design wavelength and
normal incidence, the phase shift within the dielectric quarter wave layers φH,L =
1
2
π
simplifies the propagation matrix to
PH,L =
(
i 0
0 −i
)
. (2.41)
1SCI Scientific Computing International, http://www.sci-soft.com
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After some matrix manipulation in Eq. (2.40) and by applying Eq. (2.38), the max-
imum reflectance at the design wavelength of the DBR can be obtained:
Rmax =


1− nsn0
n2H
(
nL
nH
)2N
1 + nsn0
n2H
(
nL
nH
)2N


2
. (2.42)
This result shows the strong influence of the number of pairs N on the optical per-
formance of the mirror. With increasing number of layers, the reflectance converges
to unity. With a large refractive index ratio nL/nH , this approach occurs already
with a comparably low number of film pairs. Figure 2.3 a presents the reflectance of
DBRs with a different number of layer pairs N . The refractive indices are chosen to
agree with experimental values for TiO2 and SiO2 layers on a glass substrate. The
layers are assumed to be perfectly dielectric so the influence of absorption is ne-
glected and the refractive index is a real number. With this assumption a structure
with 13 layers provides a maximum reflectance of Rmax > 0.99. In a real structure,
the absorption in the layers has to be reduced as far as possible in order to get a
high maximum reflectance. Another channel for energy dissipation is the scattering
at rough surfaces or impurities, which is not taken into account in transfer matrix
calculations. With a 21 layer structure of TiO2 and SiO2 a maximum reflectance
of Rmax > 99.6 % has been realized experimentally (Fig 2.3 b). The high reflectance
Figure 2.3: (a) Simulated reflectance at normal incidence of DBRs with a different number
of layer pairs N as a function of the design wavelength λd. Alternating λ/4-layers of high
(nH = 2.2) and low (nL = 1.45) refractive index are stacked on a substrate (nS = 1.5)
in an ambience of air (n0 = 1). The maximum reflectance for the DBR with N = 8 is
99.84 %. The maximum reflectance is strongly dependent on the number of layers (2N+1).
(b) Experimental normal incidence reflectance of a 21 layer DBR made of SiO2 and TiO2.
The gray bars in the stop-band represent the random error of the measurement. The
maximum reflectance is above 99.6 %.
20 2 Light propagation in stratified media
of a DBR is exclusively the result of interference in the perfectly matched layers,
whereas a metal mirror is based on the high absorption of the bulk. Unfortunately,
the interference effects only a certain wavelength range around the design wavelength
of the dielectric mirror. This area of high reflectance is the so-called stop-band of the
DBR. The stop-band width ∆g depends only on the ratio of the refractive indices
of the high and low refractive materials and is given from Ref. [10,12] by
∆g =
4
π
sin−1
(
nH − nL
nH + nL
)
. (2.43)
With an increasing number of mirror layers, the edges of the stop-band steepen.
Outside of the this area, the reflected waves are not phase-matched with the incident
wave and the structure becomes transparent.
Another optical property of thin film structures based on interference effects is
the angle and polarization dependence. With increasing angle of incidence, the stop-
band and the transmission modes shift to shorter wavelengths and the TE and TM
modes of the same wavelength interact in a different way with the DBR. This effect
will be discussed in the next Section (Sec. 2.4).
Due to the periodic nature of a DBR, a phase delay and a finite delay of reflection
occurs. The delay is directly connected with a storage of energy within the layer
stack. The quantity of delay time or energy storage is expressed by the penetration
depth. This depth is of particular interest in microcavity structures, where the
cavity length has a comparable size. Thus, the cavity round trip time and delay
are of the same magnitude. An exact analytical expression for the reflection phase
delay τr of a lossless mirror is given in Ref. [16] by
τr =
1
2fd
(
nLI
nHI
)
nH
nH − nL , (2.44)
with the design frequency fd = c/λd and the refractive indices of the high (nHI) and
low (nHI) refractive materials at the side of incidence. Although strictly valid only
for an infinite number of layers, this equation is reliable for DBRs with more than
3 periods. For a 21-layer TiO2/SiO2-DBR with a design wavelength of λd = 800 nm,
the phase delay time is in the lower femtosecond range (τr = 1.8 fs). While the phase
delay has an influence on the round trip time in a cavity, the energy penetration
depth Le is related to the amount of light stored in the mirror at the incident side.
In laser modeling, the knowledge of the intensity of light in the active medium is
highly important. Especially in designs with dielectric mirrors and a very small
active medium length, Le is not negligible. For an infinite number of layers, the
energy and phase penetration depth are equal and can be calculated with Eq. (2.44)
2.4 Single microcavity 21
by
Le =
cτr
2n0
. (2.45)
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Figure 2.4: Phase shift spectrum (black) for a 21 layer DBR ((H L)10 H) of dielectric
media with the indices of refraction n0 = 1, ns = 1.5, nH = 2.2 and nL = 1.45 as a
function of the design wavelength λd. The blue line is the corresponding reflectance curve.
Unlike metal mirrors, there is a strong dispersion of the phase shift φ associ-
ated with Bragg reflection. With the power reflectance R in Eq. (2.38) the phase
reflectance r of a mirror can be defined by
r =
√
R e−iφ. (2.46)
At the design wavelength, the reflected phase φ is shifted by 180◦ and the dispersion
is zero (Fig. 2.4). For the wavelength coinciding with the stop-band center, the
reflection delay is minimized. For all other wavelengths, especially outside of the
stop-band, the light penetrates deeply into the structure.
2.4 Single microcavity
In 1897 Ch. Fabry and A. Perot described a new interferometer type based on mul-
tiple reflections between two parallel plates [17–19]. In comparison with two-beam
interferometers, the spectral resolution is much higher, thus improving the measure-
ment accuracy. If the separation between the two mirrors is in the range of a few
micrometers or even below, that means in the range of the wavelength of light, this
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interferometer is called a microcavity. Not only due to the recent increasing interest
in microcavities, the Fabry-Perot interferometer is nowadays more widely used than
it was in its over 100 years history before.
In the following, we consider a microcavity, which consists of two DBRs with
(2N + 1) layers with outermost high index layers and a cavity layer with an optical
thickness ncdc =
1
2
λd in between. The characteristic matrix can be formulated in
accordance with the Equations (2.36) and (2.40) as
M =
(
M11 M12
M21 M22
)
= D−10 M̃(HL)NHDcPcD
−1
c M̃(HL)NHDs. (2.47)
At the design wavelength and for normal incidence the phase shift reads φc = kcdc =
π within the cavity layer. This results in the same form of the propagation matrix
Pc and the characteristic matrix M̃c of the cavity layer with
Pc = M̃c =
(
−1 0
0 −1
)
. (2.48)
As a consequence, the contribution of the DBRs in the characteristic matrix M
of the whole structure vanishes and the reflectance is that of the single boundary
between the ambient medium and the substrate, with
R =
(
n0 − ns
n0 + ns
)2
. (2.49)
This means that a cavity layer with a thickness of a multiple of ncdc = m
1
2
λd cancels
the high reflectance of the two DBRs and the structure is - if the layers have no
absorbance - highly transparent at the design wavelength. The transmission becomes
unity, if the device is completely symmetric, which means an equal reflectance of
the two DBRs. In a more general explanation, the microcavity contains a mode, if
the round trip phase shift φm follows the resonance condition
φm = φc −
(
φ1 + φ2
2
)
= ±mπ, m = 0, 1, 2, ... , (2.50)
where φ1 and φ2 are, in accordance with Equation (2.46), the phase shifts of the two
surrounding mirrors. In the above explained example, the phase shifts of the two
DBRs are φ1,2 = π, thus fabricating a transmission mode at the design wavelength.
To create a resonance, the cavity thickness dc is not necessarily required to be
exactly a multiple of half the design wavelength λd of the DBRs. In such a case, the
dispersion of a DBR (see Fig. 2.4) or any other mirror has to be taken into account
and the resonance wavelength is shifted with respect to the design wavelength of
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the cavity layer. In a system where the two mirrors have equal transmittance, the
transmission at the cavity mode wavelength is maximized and approaches unity if
there are no losses in the structure and ambient medium and substrate have equal
indices of refraction [12]. Figure 2.5 a presents the reflectance spectrum of a λ/2-
microcavity with two dielectric mirrors of 4.5 periods. The stop-band around the
design wavelength is divided by a drop in reflection. The minimum reflectance of
the cavity mode is ∼ 4%, which corresponds to the reflectance of a single ambient-
substrate boundary. At the cavity frequency, the phase of transmitted light is shifted
by 180◦, whereas by a strong phase dispersion a jump of 180◦ occurs between the
edges of the cavity mode.
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Figure 2.5: (a) The phase shift of transmitted light (black) and reflectance (blue) for a 19
layer microcavity ((H L)4 H 2L H (L H)4) consisting of dielectric media with the indices of
refraction n0 = 1, ns = 1.5, nH = 2.2 and nL = 1.45 as a function of the design wavelength
λd. (b) The reflectance (blue) and the transmission phase (black) of the cavity mode can
be modeled by Lorentz function. Results from a transfer matrix calculation (open circles)
are compared with the Lorentz model (lines).
A cavity mode, which includes the frequency dependent reflectance or trans-
mittance as well as the phase shift, can be modeled by a single Lorentz oscillator
with
t(ω) =
√
T (ω) e−iφ(ω) = t0 +
µ
γm + i(ω − ωm) . (2.51)
Here, the phase transmission t(ω) has a maximum at the cavity mode frequency ωm
with a spectral width γm. Additionally, the Lorentz model includes an amplitude
µ and a background transmission t0. Figure 2.5 b depicts the result of modeling the
cavity mode by a Lorentzian. For the reflectance curve (R = 1−T ) the model agrees
with the transfer matrix calculation of a dielectric microcavity. The phase jump
in transmission is also reproduced by the Lorentz model, whereas at off-resonance
frequencies, the dispersion of the stack is stronger and the Lorentzian model deviates
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from the transfer matrix result. In case of strong absorption within the cavity
layers, the Lorentz model cannot be applied in this simple manner and additional
considerations have to be taken into account. The Lorentzian line shape is of special
importance for the time dependence of the resonator and explains the exponential
energy dissipation of the oscillator (q.v. Sec. A.1).
We have seen previously that in the resonance condition (Eq. 2.50) the cavity
mode is influenced by the cavity layer and the mirror parameters. This is of special
importance for cavities, which contain dielectric mirrors with a significant penetra-
tion depth LD. Accounting for this, the cavity mode frequency ωm is expressed
by [20]
ωm =
Lcωc + LDωD
Leff
, (2.52)
where ωc = mπc/ncLc is the cavity frequency without a mirror phase delay. The
integer number m accounts for the multiple of the optical half wave thickness of the
cavity layer. The effective cavity length Leff = Lc + LD is in the presence of DBRs
greatly enhanced by their penetration depth and thus, the central frequency of the
DBR ωD mainly determines the cavity mode frequency.
In Fig. 2.6 we compare the electric field distribution in a microcavity and a DBR.
In both structures, an oscillation of the amplitude is present. The envelope of the
electric field amplitude decays exponentially in the DBR visualizing the penetration
depth. By contrast, in the cavity the field is strongly amplified towards the cavity
layer. Beside the large light intensity in the center of the structure, a considerable
amount of energy is stored in the DBRs, which demonstrates the increase of the
effective cavity thickness in comparison to the pure cavity layer. These electric field
calculations are a solution of the transfer matrix algorithm and therefore only valid
in the steady state. This means, only at continuously incident light the reflectance
of a microcavity (Eq. 2.49) is reduced in comparison to a DBR (Eq. 2.42). If a
light pulse enters a microcavity consisting of two high reflective DBRs, most of the
light is reflected at the beginning. Only a small amount transmits through the first
mirror and resonates in the cavity layer. In time, the amount of photons in the
cavity increases until an equilibrium between incoming and absorbed or escaping
photons is reached. Due to the phase shift in the cavity, the photons can only leave
the cavity opposite to the side of incidence. As a results of the high reflectance of
the DBRs, the photons in the microcavity perform a number of round trips and
the electric field intensity is increased significantly. At the antinode position, the
resonant cavity mode, for which all reflected waves are in phase, is enhanced by the
factor Q′, which can be calculated by applying the reflectances R1 and R2 of the
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Figure 2.6: Comparison of the electric field amplitude in a DBR ((H L)8 H) (blue) and
a microcavity ((H L)8 H 2L H (L H)8) (red) at the design wavelength. The structures
consist of dielectric media with the indices of refraction nH = 2.2 and nL = 1.45 embedded
in air (n0 = 1) to the right and glass (ns = 1.5) to the left . Light is incident from the right
side with an amplitude of 1. The positions of high refractive index layers are emphasized
by shaded areas. The amplitude of the DBR is increased 30 times for visualization.
surrounding mirrors 1 and 2 by [21]
Q′ =
(1 + 4
√
R1R2)
2
1−√R1R2
. (2.53)
This internal electric field amplification is related to the quality factor Q of the
cavity, which is defined as [22]
Q = 2π
stored energy
energy lost in one cycle of oscillation
. (2.54)
The Q-factor is proportional to the cavity photon lifetime τc and is experimentally
accessible by a measurement of the cavity mode wavelength λ and their correspond-
ing linewidth ∆λ:
Q = 2π
c τc
λ
=
λ
∆λ
. (2.55)
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Every optical system consisting of thin films exhibits a polarization and angle
dependence in reflection and transmission. This effect can be explained by the Fres-
nel reflection coefficients (Eqs. (2.14) and (2.21)) of each individual interface and the
different phase matching at detuning, which both vary with angle of incidence and
polarization. In real materials, absorption and dispersion additionally contribute to
this behavior. Figure 2.7 depicts the angle dependent transmission of a microcavity
for s- and p-polarization. For wavelengths around the design wavelength, the cavity
mode is surrounded by the low transmission stop-band. With increasing angle of
incidence, all modes shift to shorter wavelengths or higher energies. The p-polarized
DBR modes, energetically located below the stop-band, shift stronger and the modes
above weaker than the equivalent modes in s-polarization. As a consequence, the
stop-band width increases in s-polarization and decreases in p-polarization with in-
creasing angle of incidence.
Figure 2.7: Calculated angle dependent transmission of a single microcavity for s- and
p-polarization.
The blue shift of the resonant wavelengths with an increasing incident angle is
counter-intuitive in the first view. With larger angles, the optical path inside a thin
film increases as well, but the additional phase shift at the boundaries reduces the
effective thickness. Neglecting an angle and polarization dependence of the phase
shift at one boundary, the resonance wavelength λ′ of a single thin film with the
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refractive index n2 and the thickness d shifts with the angle of incidence θ as
λ′ = 4n2 d
√
1−
(
n1
n2
sin θ
)2
, (2.56)
where n1 is the index of refraction of the incident medium. From this equation, one
obtains a blue shift of the resonant modes with increasing angle of incidence.
2.5 Coupled microcavity
2.5.1 Mode structure
Coupled microcavities are an extension of the concepts described in the former sec-
tions. They contain two or more resonator layers which are separated by additional
mirrors. An interesting property of coupled cavities is the number of cavity modes,
which is directly connected to the number of integrated resonators. The optical
effects of coupled resonators cannot be derived from simple matrix manipulations as
for the DBR or the single cavity. Additional mirrors inside the structure disturb the
reflectance amplitude and phase behavior significantly. However, for cavity modes,
the resonance condition has to be fulfilled for all resonators simultaneously. In the
solutions, the penetration matrices of the cavity layers deviate from the simple form
presented in Eq. 2.48. Therefore, we directly describe most properties of coupled
microcavities on the basis of results from transfer matrix calculations.
By combining two identical single cavities, the two former isolated modes couple
and the single mode is split into a mode pair. This splitting is caused by the central
mirror, which disturbs the degeneracy of the single modes. We define the half-
integer number of central mirror layer pairs as: Nc + 1/2. The splitting of the two
frequencies ω of the coupled modes can be expressed by
ω = ωm ± C, (2.57)
where ωm is the central frequency of the unperturbed single cavities and C is the
coupling parameter. This parameter can be written as [20]
C =
c
2ncLeff cos θc
arcsin
√
1−Rc, (2.58)
with the cavity layer refractive index nc, the effective cavity thickness Leff , the
internal angle θc and the central mirror reflectance Rc. It can be seen that the
central mirror has the strongest influence on the coupling strength between the two
modes. In the Rc → 1 case, the coupling vanishes and both modes have a frequency
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equal the uncoupled single mode. On the opposite, if the central mirror reflectivity
vanishes, both modes are widely separated. The two modes are often referred to as
symmetric and antisymmetric mode. The symmetric mode appears at the shorter
wavelength, if Nc is even and the cavity layer consists of the low refractive index
material. If one of the two constraints changes also the positions of the symmetric
and the antisymmetric mode interchange.
Figure 2.8 exhibits the transmission and phase shift for a symmetric coupled
cavity with a 5.5 pair central DBR. This transfer matrix simulation depicts two
modes, which each deviate from the design wavelength by ± 1%. From Fig. 2.8 we
can also see the phase difference between the two modes in transmission. Here, a
phase difference of φS − φAS = π occurs, which means a shift of both modes by
± π/2 corresponding to the phase of the single modes (cf. Fig. 2.5).
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Figure 2.8: Calculated transmission and phase shift of a coupled microcavity with the
design: (1H 1L)10 1H 2L 1H (1L 1H)5 2L (1H 1L)10 1H. The refractive indices are
nH = 2.2 for the high and nL = 1.45 for the low index layer. The structure is surrounded
by air (n0 = nS = 1).
For the following considerations, we have to remember some basic concepts of the
transfer matrix algorithm. The electric field is as a part of an electromagnetic wave
oscillating in time and in a layer calculated as the sum of the fields of a forward and
backward traveling wave (Eq. 2.7 and Eq. 2.8). As a constraint in transfer matrix
calculations, the incident light is assumed to have an equal and fixed phase for
all wavelengths. The solution is therefore only representative for this phase. In
other words, it is the stationary solution for the time, when the phases of all light
frequencies are equal at the incident boundary. Regarding the wave behavior, the
dynamics of the light in a layered system can be simulated with a knowledge of the
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electric field amplitude and the phase for a certain time.
Figure 2.9 presents the electric field distribution of two cavity modes within the
same structure. For the plotted time, the two modes oscillate in phase in the left side
of the structure and are out of phase in the resonator to the right. This demonstrates
an energy concentration around one of the two resonators. Since both modes have
a different wavelength and thus also a different frequency, their phases shift in time
and a beating occurs. As a result, we obtain an oscillation of the light between
the two cavity layers with the difference frequency of the two modes. One cannot
directly detect this oscillation. However, in transmission or reflection measurements
with coherent light, this internal oscillation generates a beating of the sum signal.
For a design wavelength of 1000 nm, which corresponds to a frequency of nearly
300 THz, the beating frequency is for the sample in Fig. 2.8 approximately 6 THz.
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Figure 2.9: Simulation of the internal electric field in a coupled microcavity with the
design (1H 1L)10 1H 2L 1H (1L 1H)5 2L (1H 1L)10 1H (λd = 1000nm,nH = 2.2, nL =
1.45). Light is incident from the right side with an amplitude of 1. The symmetric (red)
and the antisymmetric (blue) mode are plotted as a function of the position within the
sample (in units of quarter wave optical thickness). For the plotted time, the energy is
concentrated in the left resonator and its surrounding layers, as denoted by the sum signal
graph (gray line). High refractive index layers are denoted by the gray shaded areas.
The beating frequency is variable by the cavity design. As the central mirror
influences the coupling between the two cavities, it also controls the beating fre-
quency. An increasing central mirror reflectance reduces the coupling and therefore
30 2 Light propagation in stratified media
also the beating frequency. Figure 2.10 shows the strength of the mode splitting in
dependence on the number of central DBR pairs. With 1.5 pairs a mode separation
of about 30 THz is achieved, which is reduced to 2.5 THz in a sample with 7.5 pairs.
In the limit of a totally reflective central mirror, both cavities are separated and
no splitting will be observable. The two outer mirrors of a coupled cavity influence
the photon lifetime within the complete structure. As in the single cavity, a high
reflectance of these mirrors enables a high quality factor and a strong amplifica-
tion of the internal electric field. This effect is accompanied by a narrowing of the
transmission linewidths.
Figure 2.10: Calculated transmission of coupled microcavities with different number of
central mirror pairs. The structure of (1H 1L)10 1H 2L 1H (1L 1H)Nc 2L (1H 1L)10 1H
is designed for a wavelength of 1000 nm. The number of central mirror pairs N is chosen
as 1,3,5 and 7. With increasing Nc, the coupling between the cavity modes and thus the
spectral mode distance decreases.
2.5.2 Photonic Bloch oscillations
In research and technology coupled microcavities attract interest due to the mode
splitting, the coupling of several modes, and the internal oscillation of light. First
coupled microcavities have been investigated in 1994 by the application of a semi-
conductor structure grown by molecular beam epitaxy [23]. Later, this concept was
applied in the fabrication of VCSELs with coupled cavity layers for optical [24, 25]
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and electrical pumping [26, 27]. All these devices exhibit single or dual mode laser
emission. If the switching between single and dual mode operation would be con-
trollable, a number of logical operations could be performed by such an optical
device. Experimental and theoretical investigations have shown, that a coupled
VCSEL with separately electrically excited active cavities can provide a controlled
emission at either of the two modes or at both modes simultaneously [28]. The
interaction of the photon modes and the two gain media in coupled VCSEL can
also lead to a shortening of the laser pulse length, providing single pulses of only a
few picoseconds [24]. In other configurations, coupled VCSELs demonstrate current
dependent bistability with a high switching contrast [29] or Q-switching operation
with gigahertz repetition rates [30].
Implementing identical quantum wells in both cavity layers of a coupled micro-
cavity, whereas the quantum wells are in resonance with the photon mode of the
isolated single cavities, the mode structure becomes even more curious. Such a sys-
tem contains four oscillators, two of photonic and two of excitonic character. In
resonance, these four oscillators couple and four cavity modes are generated. Such
strongly-coupled microcavities provide an interaction between macroscopically sep-
arated quantum wells and enable the observation of excitonic states, which remain
”dark” in single cavities [20,31–33].
The internal oscillation of light in coupled microcavities is often referred as the
optical analog of the electronic Bloch oscillation. Predicted in 1928, the Bloch
oscillation describes the spatial oscillation of an electron in a periodic potential
under a constant electric field [34]. The experimental confirmation of the theoretical
prediction succeeded not before 1992, where the periodic movement of electrons
in a semiconductor superlattice was detected by four-wave mixing [35–37] and by
terahertz spectroscopy, which analyzes the radiation from the oscillating wave packet
within this structure [38]. In optics, the analysis of Bloch oscillations is still under
investigation. As with the fabrication of semiconductor superlattices for electronic
oscillations, the first demonstration of coupled microcavities opened the door for
the spatial oscillation of light with terahertz frequencies in layered structures. The
introduction of a linear or exponential chirp of the refractive indices in a coupled
microcavity with multiple resonator layers would resemble a Wannier-Stark ladder
[39–41]. Another proposed superlattice design consists of a laterally confined DBR of
porous silicon [42]. Here, the lateral confinement of the periodic structure simulates
a continuous variation of the effective refractive index and the optical potential of the
DBR has again the form of a Wannier-Stark ladder. In comparison to the chirped
design, this setup with its three-dimensional confinement is even more complicated
to fabricate.
In pioneering experiments, relying on two-dimensional waveguide structures, op-
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tical Bloch oscillations were firstly measured in 1999 [43]. By the application of
layered systems, Bloch oscillations were demonstrated in a chirped coupled micro-
cavity of porous silicon [44]. Within this optical Wannier-Stark ladder, the mode
confinement in dependence on the refractive index gradient was shown by time re-
solved transmission experiments. Here, an increased gradient decreases the damping
of the field oscillation. In another experiment on porous silicon coupled microcavi-
ties with a refractive index gradient, the linear transmission spectra are used for the
determination of the oscillations [45]. The spectra are multiplied with a simulated
femtosecond laser pulse. The Fourier transform of this product shows a beating of
the electric field with a terahertz frequency. These results are indicated as an experi-
mental confirmation of the Bloch oscillation. Unfortunately, the linear measurement
gives no direct evidence for a temporal beating of the internal electric field.
In contrast to former experiments, we consider the local oscillation of light within
unchirped coupled microcavities already as photonic Bloch oscillation. Indeed, a
potential refractive index gradient in a coupled cavity gives an optical potential
which is equivalent to its electric counterpart of a Wannier-Stark ladder. However,
the external electric field, which accelerates the electron within a semiconductor
has no direct analogy in optics. In conclusion, we apply the term Bloch oscillation
for our observations of the internal oscillation of the electric field within unchirped
coupled microcavities.
3 Light-matter interaction in
microcavities
This Chapter is dedicated to the absorption and emission within optically confined
structures. It explains the coupling of excitonic and optical properties under different
conditions and develops a model for the calculation of an emission within a layered
structure. A conclusion of the electronic properties of organic semiconductors leads
to their application in organic microlasers.
3.1 Weak-coupling regime
In the weak-coupling regime, the spontaneous emission of an organic molecule and
any other potential emitter is described by Fermi’s Golden Rule:
Γsp = τ
−1
sp =
2π
~2
|〈|d̂ · Ê†k,σ|〉|2ρ(ω). (3.1)
Here, the spontaneous emission rate Γsp and the inverse lifetime τsp are proportional
to the density of states ρ. The Hamiltonian of the transition is given by the dipole
operator d̂ and the operator of the electric field Êk,σ, where k is the plane wave
vector and σ = 1, 2 gives the polarization index of the mode. In a microcavity,
the mode structure is modified in comparison to the free space, which results in an
alteration of the emission rate in the weak-coupling regime. For resonant k-vectors,
the vacuum field fluctuations are enhanced and the spontaneous emission rate is
increased. This enhancement is related to the Q-factor of the corresponding cavity
mode and was first described in 1946 [46]. The so-called Purcell-factor of an emitter
placed at the maximum position of the electric field and perfectly spectrally matched
with the cavity mode has the form of
Fp =
τfree
τcav
=
3
4π
(
λc
n
)3
Q
Veff
. (3.2)
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This defines the ratio between the free space decay time τfree and the emission decay
time in cavity τcav, with knowledge about the refractive index n at the emitter
position and the effective cavity volume Veff . Purcell-factors of around 100 and
higher have been achieved in high-Q cavities [47, 48]. At non-resonant frequencies,
the emission is suppressed and the intensity is inversely proportional to the Q-factor.
A microcavity in the weak-coupling regime redistributes the emission from a source.
In comparison with a low-Q structure, more light can be emitted into the cavity
mode in a high-Q microcavity, allowing the emission of light which would otherwise
be trapped in the layered structure. This effect is used in the enhancement of the
outcoupling efficiency in resonant cavity light emitting diodes (RCLEDs) [49–53]
and the spontaneous emission into the laser mode of VCSELs [54–56].
3.2 Strong-coupling regime
In contrast to the weak-coupling regime, where the cavity mode and emission over-
lap, in the strong-coupling regime the cavity mode and the absorption of a dipole
are in superposition. This coupling of a photon and an exciton creates a new quasi-
particle - a polariton. A polariton can be understood as a state oscillating between
being exciton and light. Cavity polaritons can be observed if the inequality [57]
αLÀ 1−
√
R1R2 (3.3)
is fulfilled, where the product of the optical attenuation coefficient α and the cavity
layer thickness L overcomes the losses of the resonator with the mirror reflectivi-
ties R1 and R2. With the gradual improvement of semiconductor microcavities and
inorganic quantum well structures, the coupling between material and photons ex-
ceeded the decay rates of both. Cavity polaritons were first observed in 1992 in
inorganic quantum well structures [5]. In the vicinity of the exciton resonance, the
refractive index exhibits a pronounced change1 resulting in a superposition with the
Fabry-Perot mode at three different frequencies (Fig. 3.1 a). The central mode is de-
stroyed by the high absorption of the exciton, giving the typical two peak structure
in the transmission and reflection spectrum. Due to the angle dependence of the
microcavity mode, a system non-resonant at normal incidence can be brought into
the strong-coupling regime by turning the sample and creating an anticrossing at a
larger angle of incidence (Fig. 3.1 b). At the anticrossing angle the two modes are
separated by the Rabi energy ~ΩRabi. Visualized, the Rabi frequency ΩRabi presents
1Real and imaginary part of the refractive index n are coupled, which is explained by the
Kramers-Kronig relations. This effect is caused by the causality principle of electrodynamics and
explained in Ref. [58].
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the oscillation between the excitonic and the photonic state, giving a connection
between the quantum physical phenomenon and the classical picture provided by
the transfer matrix model. At low temperatures, inorganic semiconductor micro-
cavities show a Rabi splitting energy of around 5 meV [59, 60]. This values have
been strongly increased by the application of organic semiconductors in microcavi-
ties. J-aggregates, porphyrine and other dyes have been applied for mode coupling
using their advantage of large oscillator strength (two orders of magnitude higher
than III-IV semiconductor quantum wells) and narrow absorption linewidth [61–69].
Rabi splitting energies up to 430 meV have been achieved at room temperature in
cavities with metal mirrors and thus relatively low Q-factors [70, 71] in comparison
with their inorganic counterparts [72].
3.3 Spontaneous emission in layered structures
3.3.1 Plane-wave expansion
In the weak-coupling regime, where the dipole dephasing time and the cavity photon
life time are much shorter than a Rabi oscillation, the spontaneous emission of a
dipole is stimulated by the fluctuations of the vacuum field. This assumption is,
beside others, one explanation of spontaneous emission. Optical resonators with
their alteration of the mode structure have attracted interest due to the ability of
focusing emitted light into selected channels with high efficiency. The strength of
light emission in layered structures can be exactly calculated by the plane wave
expansion method [51,73–81].
In this method, the spontaneous emission is a result of a coupling between the
emitters dipole moment and the electric field operator in dependence on the density
of states, as it is represented by Fermi’s Golden Rule (Eq. 3.1). Electric field operator
and mode density depend on the cavity and therefore the model is only focussed on
them. However, there exists no experiment where the electric field and the mode
density influence on the emission can be separated. As a simplification, the influence
on the emission rate can either be completely attributed to the electric field or to the
density of states. Both views lead to the same results if analyzed properly. Here, an
isotropic mode density is implied, which is not true in reality but in this model the
density of states will be compensated by the electric field. Thus, the method is based
on the calculation of the internal electric field in a layered structure [10,82], which can
be obtained by the transfer matrix algorithm. The algorithm described below refers
also to the transfer matrix method but is applicable for only one layer of a system.
This approach results in an analytical solution for the electric field distribution and
gives a more demonstrative insight than the matrix representation. By comparing
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Figure 3.1: (a) The optical constants of an absorbing material modeled by a single Lorentz
oscillator. The absorption with a center wavelength of 0.95 λd (blue) results in a change
of the refractive index (blue). The cavity mode frequency (p-polarization) in dependence
on the cavity layer refractive index is plotted for three angles around the resonance angle
(grey) for a (H L)5 H 2C H (L H)5 microcavity. The cavity mode occurs at the crossing
points (red) of the Fabry-Perot modes and the refractive index curve. (b) In the angle
dependent transmission calculation strong-coupling is achieved at angles θ ≈ 30◦ in s-
and p-polarization. Refractive indices: n0 = 1, ns = 1.5, nH = 2.2, nL = 1.45 and
nC(∞) = 1.5.
the strength of the internal electric field with the field outside the structure, a relative
change and thus an enhancement or suppression factor of emission rate is received.
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The model structure consists of two mirrors with the phase reflectivities r1 and
r2 and the transmission t2, which are defined as
r1 =
√
R1 e
−iφ1 , r2 =
√
R2 e
−iφ2 and t2 =
√
T2 e
−iφ. (3.4)
These complex values consist of the amplitude, given by the square root of the power
reflectances R1 and R2, power transmittance T2, and the corresponding phase shifts
φ1, φ2 and φ. Between the mirrors, the layer of the thickness L with the refractive
index n is located, which contains the emitting molecules. In this procedure light is
incident from outside at the side of mirror 2. After the transmission through mirror
2, the light is entering the layer of interest and is completing a number of multiple
reflections. For the emitter at the position z, the complex electric field E consists of
a right and a left travelling wave E− and E+. By Airy summation of the successive
internal reflections, the electric field has the form of
E = E− + E+ = t2 e
ik(L−z) + t2 r1 eik(L+z)
1− r1 r2 e(2ikL) =
√
E eiΨ. (3.5)
The electric field consists of the intensity E and the phase Ψ that is dependent on
the wave vector k. Here, the wave vector is defined as
k =
2πn
λ
cos θ, (3.6)
where λ is the wavelength of the incident light and θ the angle of incidence. The
electric field intensity E represents the enhancement factor of the spontaneous emis-
sion. In the case of a real refractive index of the emission layer, which is a realistic
approximation for the most samples discussed within this thesis, the final formula
for the emission enhancement becomes
E =
T2
[
1 +R1 + 2
√
R1 cos(−φ1 + 4πnλ z cos θ)
]
1 +R1R2 − 2
√
R1R2 cos(−φ1 − φ2 + 4πnλ L cos θ)
. (3.7)
The bracket term in the numerator is also known as the antinode factor. It is max-
imized when the reflectivity R1 and cos θ are close and equal unity, respectively. It
is especially dependent on the emitter position z with the strongest amplification at
the antinode position of the electric field. Additionally, to obtain a strong enhance-
ment of emission, the denominator which is characterized by the structure itself has
to be minimized. This condition is fulfilled, if the resonance condition (2.50) is sat-
isfied and the reflectivities R1 and R2 approach unity. The spectra obtained by this
calculation coincide with the transmission and reflection mode structure of the mi-
crocavity. It is therefore demonstrated that the mode structure of internal emission
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Figure 3.2: In the plane wave expansion model, a dipole at the position z0 is situated in
a cavity with the length L. The light is incident from the side of mirror 2 and the electric
field at every dipole position is calculated by a superposition of a left and a right traveling
wave. The interaction between the electric field and the p-polarized dipoles (horizontal
p (green), vertical (red)) shows an angle dependence. However, the s-dipole (blue) emits
with equal strength in all directions.
is directly related to the optical properties, which are observed from the outside. In
accordance with DBR and microcavity properties, the enhancement factor is also
influenced by the two polarizations at incident angles deviating from the normal.
For exact calculations of anisotropic emission layers, the active region is modeled
by an orthogonal set of dipoles with the source terms
Πs =
3
8π
, Πp =
3
8π
cos2 θ, Πv =
3
8π
sin2 θ. (3.8)
Here the source terms Πs and Πp represent the two planar dipoles parallel to the s-
and p-polarization respectively and Πv typifies the field of the out-of-plane vertical
emitter. The emitted electric field of the vertical dipole is also p-polarized. The 3
8π
term is a normalization constant. The final emission spectrum IE of an active layer
in a resonator is calculated by
IE = (αs ΠsE
s + αp ΠpE
p + αv Πv E
p)E0. (3.9)
The total emission consists of the contributions from the three dipoles. In an
isotropic active medium all orientations have the same emission probability and
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αs = αp = αv = 1/3. So the same amount of emitted light goes into s- and p-
polarization and is influenced by the corresponding enhancement factors Es and
Ep. For quantum wells and epitaxially grown organic films the dipole distribution
may become anisotropic, which gives αs = αp = 1/2 and αv = 0. Finally the
enhancement terms are multiplied by the bulk emission spectrum E0 of the active
material.
For the calculation of the enhancement factor, the structure is divided at the
active layer into two parts to determine the optical properties (see Eq. 3.4) of the two
reflectors separately. In both transfer matrix simulations, the active layer is assumed
as the ambient medium and the actual ambient medium is treated as the substrate
for mirror 2. The advantage of having an analytical formula for the enhancement
factor is hindered by the fact that transmission, reflections and phase shifts are easily
accessible by a numerical calculation, only.
3.3.2 Internal mode structure
Equation (3.7) gives the exact formula for the calculation of the enhancement factors
for modes, which can leave the layered structure into the ambient medium. By
geometrical considerations, the ratio η of light emitted from the structure to the light
bounded within is η = 1−cos[arcsin(n0/n)], where n0 and n are the refractive indices
of the ambient and the active medium, respectively. The term arcsin(n0/n) is also
known as the critical angle θc of a medium. For angles larger than θc, total reflection
occurs at the boundary to the ambience and the light is kept within the structure.
From an active layer with n = 1.7, an usual value for organic materials, only a
small amount of the totally emitted light can leave the optical system (η ≈ 17%).
This is the main effect that limits the outcoupling efficiency of planar OLEDs, and
necessitates more sophisticated device structures such as cavity designs [49, 51] or
surface structuring [83–85].
Figure 3.3 depicts the mode distribution of a planar microcavity in k-space, with
kz = k cos θint and θint as the internal angle in the active medium. For the simulation
of the DBR reflectance and the emission enhancement factor, an organic material
models the active medium (n = 1.7) and an infinite glass substrate (n = 1.5) is
bounded to the back side. Only for larger kz the DBRs are highly reflective, thus
enabling the strong enhancement of the emission for the resonant cavity mode. With
decreasing kz and respectively increasing θint, the layered structure becomes trans-
parent and light is penetrating nearly unaffected into the glass substrate. Starting
from the outside critical angle, the light is totally reflected at the air-interface. Light
propagating at such angles is forming leaky modes, which can propagate into the
substrate but are not outcoupled to the surrounding air or a corresponding low re-
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Figure 3.3: K-space plot of the emission modes of a Fabry-Perot microcavity compared
to a DBR reflectance curve (left, blue) and the emission enhancement factor (center, red).
Both spectra are calculated for a design wavelength of 800 nm and p-polarization. For
the transfer matrix model, the layer structure (H L)10 H 2.2A H (L H)10 is embedded in
an ambience of glass (n0 = nS = 1.5) on both sides, whereas the outside critical angle is
given for an air-interface. The refractive indices of the layers are nA = 1.7+ i ·10−4, nH =
2.2 + i · 10−5 and nL = 1.45 + i · 10−6.
fractive medium. The low DBR reflectivity leaves the emission of the active layer
uninfluenced. Modes with internal angles larger than the inside critical angle are
concentrated in the region around the active layer. At these high angles, the mi-
crocavity behaves as a slab waveguide due to the DBR layers with lower refractive
indices compared to the emitter medium. Partially, the emission into these guided
modes is as much enhanced as the emission of the resonant cavity mode. This
demonstrates the numerous loss channels by guided modes for the emission of a po-
tential light source based on planar microcavities. In contrast to guided modes, leaky
modes create an evanescent field at the substrate-air interface and can therefore be
extracted, for example, by surface structuring or scanning near field microscopy [86].
The enhancement factor is not defined by Eq. (3.7) for leaky and guided modes.
To calculate the emission also for this angular region, two approaches are commonly
used. In the first the whole structure is embedded in a high refractive index medium,
with the lowest refractive index medium as the emitting layer. In this method, no
leaky and guided modes occur and the total angular spectrum is accessible. The
disadvantage here is the influence of the high refractive index medium on the mode
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Figure 3.4: Calculated enhancement factor of an emitter in the center of a double-DBR
microcavity for two polarizations towards the air surface. The layer structure (H L)10 H
2A H (L H)10 is attached to a semi-infinite substrate (ns = 1.5) at the bottom side and
covered by a semi-infinite ambience of air (n0 = 1) at the top. The refractive indices of
the layers are nA = 1.7, nH = 2.2 + i · 10−4 and nL = 1.45 + i · 10−6.
structure and the amplitudes, which would deviate from a structure with a low
refractive index ambience in reality as air or water. In the other approach, the
transmission T2 in the numerator of Eq. (3.7) is replaced by 1 − R2 and allows for
the calculation of the leaky and guided mode structure, if an absorber is present
within the system. The absorber is an essential constraint, since it prevents from
the singularity in the equations numerator as it would be present for a dielectric
layer stack, since R2 would be equal unity.
The effect of emission into leaky and guided modes is not negligible for micro-
cavity structures consisting of DBRs. As discussed in Sec. (2.3) and presented in
Fig. 3.3, DBRs merely provide with the stop-band a spectrally limited region of high
reflectance. Figure 3.4 presents the angle dependent spectrum of the enhancement
factor within a planar high-Q microcavity. The calculation clearly shows the range of
the extracted modes for angles smaller than θcrit = 36
◦. With increasing propagation
angle all modes shift to the blue, but with a different strength dependent on the po-
larization and the wavelength position relative to the stop-band. In p-polarization,
for example, the stop-band completely vanishes for the internal modes, due to the
deviating shift of high and low energy DBR modes. However, in s-polarization, the
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stop-band possesses a nearly constant width also for the leaky modes. The transfer
from leaky to guided modes is not pronounced. However, modes at angles larger
than θ = 70◦ can be assumed as guided modes and exhibit a strong polarization
dependence. Thus, the p-polarized modes are the dominating emission channels for
large angles and wavelengths shorter than the design wavelength, whereas at longer
wavelengths the propagating light has mainly s-polarization.
In conclusion, we have demonstrated in Fig. 3.3 and 3.4 the applicability of the
plane wave expansion method for the calculation of the internal emission enhance-
ment of planar structures. It is shown that the strong amplification of the cavity
mode emission is competing with the radiation into internal modes. This is a draw-
back of one-dimensional DBR microcavities, where a high DBR reflectivity enables
extremely high Q-factors only for a small spectral and angular region. For a larger
area of angles, the DBR structure does not alter the emission of an embedded active
material, but guided modes enhance the emission into light waves with large angles
of propagation.
3.4 Organic Semiconductors
Organic dyes combine a large oscillator strength with the infinite structural vari-
ability of organic chemistry. With the discovery of semiconducting properties in
selected molecules, these materials entered also the field of electronics. Nowadays,
a number of optoelectronic elements with active organic semiconductors have been
developed and products have entered the market by applying their advantages of
low cost fabrication and mechanical flexibility. The main disadvantage that have
hindered organic materials from an earlier launch is their sensitivity to humidity
and oxygen, especially in the excited state.
3.4.1 Electronic properties
The electrical and optical properties of organic semiconductors are mainly based on
the electronic structure of the carbon atom. In unsaturated carbon molecules, e.g.
benzene, a π-system is created by sp2-hybridization, where the energy levels of the
four valence electrons are adjusted (Fig. 3.5). In the plane of the benzene ring, three
electrons of one carbon atom are linked by σ-bondings to their neighboring atoms.
The six remaining electrons form dumbbell shaped orbitals perpendicularly oriented
to the ring plane and are the basis for the resonantly generated delocalized π-electron
system. The two rings of this electron system are aligned parallelly to the molecular
plane. In contrast to the σ-system the binding energy is reduced and the gap between
the highest occupied orbitals and the lowest unoccupied states is in the range of
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optical frequencies. This results in the characteristic absorption and emission spectra
of organic dyes. Aromatic molecules, i.e. compounds of several benzene rings, show
an increasing delocalization in the π-electron system with growing molecular size,
which shifts the spectra towards longer wavelengths.
Figure 3.5: Benzene C6H6: (a) chemical structure, (b) electron density of σ-orbitals and
(c) π-orbitals. [87]
The delocalized π-electron system, which is not restricted to aromatic molecules
is the origin of the molecule’s optical properties and present in all organic semi-
conductors. Its extension is sustainably influenced by additional atoms or atomic
groups and furthermore dependent on the molecules environment, which results in
different properties in the solid state, the liquid and gas phase.
Figure 3.6: Jabloński energy diagram of a molecule with radiative (straight) and non-
radiative (corrugated) transfers. [88]
After external excitation of an organic molecule, either electrically or optically,
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the electronic charges are redistributed and the nuclei are shifted in their position
as a result of the Coulomb interactions. The organic structure allows for a number
of intramolecular transitions due to rotatory and vibronic levels, where rotations
are only permitted in the gas phase (Fig. 3.6). Whenever a molecule is excited,
it performs a number of radiative and non-radiative processes and returns to the
ground state. Non-radiative relaxations in the excited state occur on very short
time scales and result in the irreversible excitation of translations, vibrations and
rotations (Tab. 3.1). In case of strong spin-orbit interaction, i.e in molecules with
high atomic number nuclei, an irreversible intersystem crossing occurs between equal
vibronic levels of the singlet and the triplet state. This behavior ends up in phos-
phorescence, the radiative transfer with low transfer rates. In the same way as the
phosphorescence, the faster radiative fluorescence process in the singlet state can be
initiated spontaneously by fluctuations of the vacuum field or stimulated externally
by radiation with a photon energy matching the transfer gap.
process lifetime (s)
absorption 10−15
vibronic relaxation 10−14 – 10−12
internal conversion 10−2 – 10
intersystem crossing 10−11
fluorescence 10−9 – 10−7
phosphorescence 10−6 – 102
Table 3.1: Lifetimes of photophysical processes [89].
3.4.2 Energy transfer
An energy transfer between two separated molecules may occur in three different
ways. If the excitation is exchanged by radiation, the efficiency k decreases in free
space with the distance r by k ∼ r−2. This transfer requires an overlap of emission
and absorption spectra of the donor and acceptor molecules. Although it is not
very prominent in standard organic thin films, its efficiency can be increased and
the geometrical distance dependence can be overcome by the optical confinement of
a microcavity [90]. For the investigations presented within the framework of this
thesis, the radiative energy transfer plays only a marginal role.
Another non-radiative transfer mechanism is the short range Dexter transfer,
which proceeds between particles with an overlap of their particular wave function
[91]. Therefore, this process based on the exchange interaction is limited to short
distances (r < 2 nm) and thus appears only between nearest neighbors in the solid
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state. The decay rate can be expressed by kD ∼ J exp(−2r/L), where J is the
spectral overlap integral and L the orbital radius. The Dexter transfer obeys the
spin conservation rules and is the dominant energy exchange process for triplet
excitations.
The main transfer process for organic semiconductors applied in the experiments
discussed within this work is the Förster resonant energy transfer [92, 93]. The
Förster transfer is based on the Coulomb interaction and enables, relying on the
conservation of spin multiplicity, singlet-singlet transfer only. It is also a near field
process that has a greater range than the Dexter transfer and works for distances
up to 10 nm. The Förster transfer rate for isotropically distributed dipoles is given
by
kF =
1
τD
(
R0
r
)6
. (3.10)
Here, the radiative lifetime of the donor in absence of an acceptor is given by τD. The
Förster radius R0 describes the spatial donor-acceptor distance, where the Förster
transfer rate is equal to the radiative rate of the donor. It is of the order of 20 −
70 Å for organic semiconductors and depends on the spectral overlap of donor and
acceptor. As presented by Eq. 3.10, the transfer is very efficient but its probability
decreases rapidly at distances which exceed the Förster radius.
3.5 Organic lasers
3.5.1 Microlasers
Since the first demonstration of a laser with an organic active material in liquid
solution in 1966 [94] and in the solid state one year later [95], a large number of
different dye laser systems have been developed. A few years later, they became
a widely used instrument in research and industry [96]. To this day, all these sys-
tems have on crucial fact in common: they are not directly electrically pumped.
The realization of this property approached with the verification of electrolumines-
cence from organic thin films in 1987 [97]. Nowadays, OLEDs have left the stage of
laboratory development, are applied in commercial products, and are a candidate
for future displays. They combine the variety and attributes of organic compounds
with the electric properties of semiconductors. Their extremely thin active layers of
few hundred nanometers allow for a cost-effective fabrication on large and flexible
substrates. Nevertheless, a number of electronic mechanisms compete with the lu-
minescence [98, 99] and electrically generated laser emission from organic materials
has not been demonstrated so far.
In comparison with inorganic semiconductor lasers, the gain of organic laser dyes
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is about one order of magnitude larger. This larger gain coefficient gives reasons to
believe that the design of a potential organic laser diode may resemble an OLED
structure in reference to the small active volume. Additionally to the gain, a laser
requires a resonator, which in the simplest case consists of two mirrors [100]. Organic
lasers with resonators based on total internal reflection are demonstrated in slab
waveguides [101], microrings [102,103], microdiscs [103,104] and microdroplets [105].
Other lasers with organic thin films rely on DBR [104] and distributed feedback
(DFB) designs [106–108].
Within this thesis, we have fabricated organic microcavity lasers. Such devices
consist of two mirrors, which are directly attached to an active medium with usually
sub-micrometer thickness [8, 54, 109–111]. These structures provide a vertical emis-
sion and, in principle, allow for the implementation of an OLED architecture. The
disadvantage of the very thin gain medium has to be compensated by high mirror
reflectivities. Although a single mode operation was achieved early, the laser thresh-
old was significantly above that of other device architectures. With the substitution
of the metal mirrors by higher reflective DBRs, the higher Q-factor increases the
virtual gain length and the threshold is reduced drastically.
3.5.2 Basic concepts
In its simplest model, a laser is explained by an active medium in between two
mirrors. As an active medium, any material can be used that amplifies light. For
this purpose an external excitation generates a population inversion of excited states.
Such a system must contain more than two levels, since in a two-level-system no
inversion is achievable. Organic molecules are well explained by a four-level model
(Fig. 3.7). This is supported by the fact that the relaxation processes in a certain
excited state occur so fast that they are assumed as a single process. Therefore, a
single excitation-emission cycle can be described by a model, which connects four
electronic states by one corresponding transfer.
During the first transfer process, the pumping, electrons are lifted from the
ground state (0) with the population N0 to a higher vibronic level (3) of the first
excited single state. By fast radiationless vibronic relaxations, the excited electrons
populate the ground state 2 of the first excited state. The following transition from
level (2) to level (1) is applied for the stimulated emission process. Due to the rela-
tively long lifetime of the electrons in level (2) and the low initial population of level
(1), a population inversion can easily be created, if there is no competing depletion
path from level (3). The final transfer from level (1) to the ground state is again
very fast, which allows an inversion also after the start of the stimulated emission
process. In a true four-level laser system, level (1) is far above the ground state,
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Figure 3.7: Energy levels and transitions in a 4-level laser system
which prevents a population by thermally excited electrons. The main advantage
of the four-level system is that the transition of stimulated emission is decoupled
from the ground state population. This increases the efficiency of the system in
comparison to a three-level scheme, which does not contain the terminal laser level
(1).
Laser operation will start if the gain created by the inversion overcomes the losses
within the resonator. Thus, the oscillation condition for the laser wavelength λ0 of
a dye laser with an active organic medium of the thickness d between two mirrors
with the reflectivities R can be written as
R(λ0) exp[(σSE(λ0)N2 − σa(λ0)N0)d] ≥ 1. (3.11)
Here, σSE represents the cross section of the absorption and σSE gives the stimulated
emission cross section of the active medium. From this equation follows an amplifica-
tion, when the gain, given by σSEN2, overcomes the losses introduced by the limited
reflectivities of the mirrors and the intrinsic absorption of the active medium. The
stimulated emission cross section of an emitter with Gaussian spectral line shape is
given by [112]
σSE(λ0) =
λ0
4πn2τ2∆ν
√
ln 2
π
, (3.12)
where n is the refractive index of the emitter, τ2 represent the spontaneous emission
lifetime of level (2) and ∆ν is the spectral width of the transition from level (2)
to level (1), which usually resembles the fluorescence spectrum of the emitting dye.
Organic laser dyes exhibit a very high stimulated cross section of σSE ≈ 10−16 cm2
[113], which is several orders of magnitude higher than in other solid state lasers
(Ti:sapphire laser: σSE ≈ 4× 10−19 cm2) [112]. These high values allow a very short
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gain length, which makes organic dyes a favorable active medium for microlasers. In
VCSELs, the high reflectivity of dielectric mirrors can additionally reduce the length
of the active zone. Another advantage of organic laser materials is the Stokes shift,
which spectrally divides the absorption and emission bands. This effect significantly
reduces the reabsorption of stimulated emitted light and therefore diminishes the
losses within the laser medium. The disadvantage of organic dyes is the comparably
short lifetime τ2, which reduces the number of excited states N2 in this level very
quickly. This has to be overcome by a fast and intense pump mechanism, as for
example with pulsed laser systems.
The dynamics of a coupled multilevel laser system is modeled by a set of dif-
ferential equations [22]. In the simplest model, two rate equations describe the
temporal behavior of the excited state population and the number of stimulated
emitted photons of the laser by
Ṅ2 = Rp −BφN2 − N2
τ2
, (3.13)
φ̇ = ΓBφN2 − φ
τc
. (3.14)
In the first equation, the number of electrons in the excited laser level (2) is
increased by an external pumping from the ground state via level (3) into level (2)
with the rate Rp. This population decreases by two mechanisms: the spontaneous
emission with a rate inverse proportional to the lifetime τ3 of the electrons in level (3),
and the stimulated emission, which depends linearly on the number of photons φ at
the laser wavelength and the Einstein coefficient B for the stimulated laser transition.
In the second equation, the same term is extended by the optical confinement factor
Γ, which gives the fraction of stimulated emitted photons within the active medium.
The first term describes the increase of the stimulated emitted photons in the cavity.
A cavity photon lifetime τc is applied to describe the loss rate of the photons. This
photon lifetime contains all loss mechanisms in the laser cavity as limited mirror
reflectivity, absorption and scattering.
This simple rate equation set is the basis for the analysis of laser dynamics and
has to be extended, if it should include, e.g., a time-dependent pump rate, spectrally
broad spontaneous emission or saturation effects. Nevertheless, even in its simplest
form, it describes a number of laser systems with reasonable precision.
4 Materials and experimental
techniques
4.1 Sample preparation and characterization
4.1.1 High-vacuum layer deposition
Most of the samples investigated within this thesis are entirely fabricated in a high
vacuum chamber1 (Fig. 4.1). The dielectric layers are produced by reactive electron-
beam evaporation. This technique is adaptable for a large number of metals and
dielectric materials and is widely used in commercial optical thin film production.
An electron-beam evaporator2 with a four pocket crucible enables the exchange
and thus the alternate deposition of different materials. Here, an electron-beam is
accelerated by a high voltage of 8 kV and guided into the crucible, where a target is
heated by absorbing the kinetic energy of the electrons. In the water-cooled crucible,
target temperatures above 2000◦C are achievable. Target temperatures and thus the
evaporation rate of the source are controllable by the e-beam current. A deflection
unit enables the adjustment of different beam patterns for a position dependent
control of the evaporation. To obtain layers with a high optical quality, oxide layers
are generally deposited with a low evaporation rate of 2 Å/s at an oxygen partial
pressure of 2×10−4 mbar. At this O2 pressure, the mean free path of the evaporant is
equal to the crucible-substrate distance, which results in a reoxidation of monoxide
and pure metal remnants. With this reactive process, the absorption especially of
TiO2 films is drastically reduced.
Optically polished 4 mm thick glass plates are used as standard substrates. For
surface cleaning several approaches are evaluated. As the best procedure appears the
ultrasonic bath in a water solution of the detergent Extran with subsequent drying
under a nitrogen jet. Another cleaning method with the polymer OptiClean reduces
the adhesion of optical films remarkably and is therefore no more applied. The layers
1LAB 500 EB by Leybold Optics GmbH
2ESV-14 by Leybold
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are deposited at ambient substrate temperature, where the substrate is heated by
the radiation from the evaporator only. During a fabrication cycle of a DBR, the
glass temperature increases up to 150◦C. Deposition rate and thickness control of
the layers are performed by quartz crystal frequency measurements and an optical
setup permitting in-situ reflectance detection for accurate optical thicknesses.
Figure 4.1: The vacuum chamber for the optical thin film fabrication. An electron-
beam evaporator and several thermal sources are applied for the production of dielectric
and organic films. Separate temperature and rate control enable the co-evaporation of
different materials for mixed layers as solid state solutions of organic dyes in an oxide
matrix or doped organic films. The evaporation rate and film thickness are controlled by
quartz crystal monitors and an optical setup, which detects the sample reflection in-situ.
4.1.2 DBR materials SiO2 and TiO2
There exists a wide range of oxides, nitrides, fluorides and other materials that are
used in optical thin film production [114]. The combination of SiO2 and TiO2
3
is preferred as it combines one of the largest achievable refractive index ratios
nTiO2/nSiO2 = 1.5 in the visible spectral range, with a low absorption, the main
3Prof. Feierabend GmbH Bochum, material purity: 99.997 % SiO2, 99.9 % TiO2
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criterion for interference filter fabrication. Both materials allow a high optical qual-
ity with low porosity and absorption, good laser damage threshold, are compatible
to e-beam evaporation, and cost-efficient.
The sublimation character of SiO2 evaporation complicates the rate control and
the thickness homogeneity due to a variable vapor distribution [114]. Figure 4.2 de-
picts the two mechanisms that reduce the process performance. With a variation of
the electron-beam position, the distribution of the evaporant changes significantly.
Such a periodic beam oscillation is unavoidable, since it keeps the surface of the
SiO2 target homogeneous during the evaporation process. Nevertheless, this tech-
nique produces grooves in the heated area, which influence the evaporation coil
permanently. Exemplarily, a tunnel in the target results in an increase of the de-
position rate directly above the crucible and a reduction for the other angles. This
behavior is not observed in the TiO2 evaporation, where a melting of the material
provides a flat target surface resulting in uniform process conditions. Beside this
disadvantage, the amorphously structured SiO2 coatings exhibit only a slight vari-
ation in refractive index and absorption and a low sensitivity to parameters as, for
example, oxygen pressure, substrate temperature, and process time. Because of this
behavior, SiO2 is in combination with a precise film thickness control a reasonable
candidate for the low refractive index coating material.
Figure 4.2: Mainly two effects hinder the homogeneous deposition of SiO2 by electron-
beam evaporation: the variation of the evaporant distribution with position of the e-beam
(a) and a change in the target geometry with proceeding process time (b). [114]
A well-suited material for the high refractive index counterpart is TiO2, featuring
a higher melting point. In nature, TiO2 appears in three different crystallographic
phases: rutile, anatase, and brookite. Electron-beam evaporated films usually con-
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sist of the metastable anatase phase at process temperatures below 300◦C with an in-
creasing fraction of rutile in films grown at higher substrate temperatures [115–117].
In contrast to SiO2, physical vapor deposited TiO2 shows a refractive index variation
during the deposition process even under constant conditions [115,118]. Ellipsomet-
ric measurements on single layers yield an nTiO2-ascent of 10 − 15% in the visual
range within the first three evaporation cycles (Fig. 4.3). In further evaporations
of the same starting material, the refractive index of the coatings stays constant.
It is assumed that the target melt of TiO2 needs a certain time until an equilib-
rium between the outgassing and reoxidation rate is achieved and stable results
could be obtained. For this reason, we melt new target material under process
conditions for a time of more than 10 minutes before applying this material in the
sample production. As already mentioned, evaporated films of TiO2 offer a number
Figure 4.3: Refractive index variation of electron-beam evaporated TiO2 with number of
evaporation cycles.
of optical and structural advantages, which are desirable in interference filter coat-
ings. In spite of this advantages, many process parameters influence the fabrication
results. For instance, the refractive index of TiO2 also depends on the starting ma-
terial [115, 118–120], deposition technique [121, 122], sample position [120], O2 par-
tial pressure [115, 118, 120, 121, 123–128], substrate temperature [115, 119–121, 129],
substrate material [124, 126], deposition rate [115, 120, 121, 125, 130], relative hu-
midity [131], and annealing after preparation [128, 129, 132]. The dependence on
numerous parameters requires an accurate control of the process variables. In order
to guarantee a reasonable reproducibility, the parameters shall be kept constant. We
have evaporated several layers with thicknesses between 50 and 200 nm on silicon
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substrates and investigated their optical properties with an ellipsometer in order to
determine the optical constants of the fabricated films. Subsequently, the results
are modeled by the Film Wizard thin film software. For the fitting procedure of the
refractive index n and the extinction coefficient k, we apply the empirical Cauchy
model for SiO2, with
n = An +
106Bn
λ2
+
1012Cn
λ4
(4.1)
k = Ak +
106Bk
λ2
+
1012Ck
λ4
(4.2)
and the Cauchy exponential model for TiO2, where n is again defined by Eq. 4.1 and
k = A′k · exp(B′k(
1239.8 nm
λ
− C ′k)). (4.3)
An, Bn and Cn are the Cauchy coefficients of the real and Ak, Bk, Ck, A
′
k, B
′
k
and C ′k the Cauchy coefficients of the imaginary part of the refractive index. The
dispersion curves and coefficients for the electron-beam evaporated SiO2 and TiO2
films are given in Fig. 4.4. Within this framework, these values are used in the
transfer-matrix modeling of fabricated DBRs and microcavities.
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Figure 4.4: Dispersion curves of the real part n (black) and the imaginary part k (blue)
of the refractive index for electron-beam evaporated SiO2 and TiO2 on Si as obtained
by ellipsometry. Coefficients of the Cauchy fit for SiO2 and exponential Cauchy fit for
TiO2 are given in the inset, respectively. Films deposited with 2 Å/s at 2× 10−4 mbar O2
pressure on ambient temperature silicon substrates
4.1.3 Layer thickness monitoring
The standard technique for thickness measurement in vacuum deposition processes
is relying on the frequency change of oscillating quartz crystals. The eigenfrequency
of the quartz, which is standardized to 5 or 6 MHz, decreases with film growth. With
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a knowledge of the film density, this variation gives an accurate value for the layer
thickness. The error is given by the manufacturer with ± 0.5%. As described in
Sec. 4.1.2, layer density and refractive index can vary during the fabrication process.
Therefore, mass detection performed by a quartz crystal allows no conclusion about
the optical thickness, which is the most important parameter of optical thin films.
In microcavity production, an accurate knowledge about the optical thickness is
essential and cannot be provided by the quartz crystal method. In order to achieve
exact QWOT in the DBRs and even-numbered multiples of QWOT in the cavity
layer, an optical measurement is required. During the course of this work, an opti-
cal setup has been installed to measure in-situ the reflectance spectrum (Fig. 4.1).
A halogen lamp spectrum is reflected by the growing layer, spectrally resolved by
a monochromator, and recorded with a optical multichannel analyzer. Here, the
detection of a spectrum justifies the higher expenses in comparison to a single wave-
length system, consisting of a laser and a photo diode. Our optical system enables
the fabrication control over a wide range of design wavelengths of the structure and
is independent from an absolute measurement of the reflectance, since the spectral
shape is monitored.
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Figure 4.5: Reflectance calculation of a single layer of TiO2 on glass with changing
optical thickness. The design wavelength is 550 nm and the reflection angle 5◦. Quarter
wave optical thickness is varied from 0.95 to 1.02.
The setup records the differential reflectance ∆R/R, which compares the reflec-
tion of the sample R and the substrate Rsub by
∆R
R
=
R−RSub
RSub
. (4.4)
The reflection spectra are compared with transfer matrix calculations in order to
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conclude the actual layer parameters. When depositing a higher index layer onto
the substrate, high accuracy can be achieved by observing only the maximum wave-
length of reflection. The position of the peak is moving towards longer wavelengths
during the deposition. Fig. 4.5 shows the variation of the reflectance maximum for
different QWOTs of TiO2 on glass. The spectra exhibit a wavelength change of
40 nm at a QWOT variation from 0.95 to 1.02. A precision of ± 1 % in the QWOT
can be obtained, since the setup provides a reading accuracy of ± 5 nm for the peak
maximum wavelength. To keep this high precision when growing a multilayer stack
for a DBR or a microcavity, it is favorable to measure the reflectance not directly on
the sample, but on a separate interchangeable substrate. With increasing number of
λ/4-layers, the reflectance behavior becomes more structured, the stop-band forms,
and a position variation of the reflectance maximum is not observable anymore. Ex-
periments and transfer matrix calculations show that after six λ/4-layers TiO2/SiO2
the sensor has to be replaced.
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Figure 4.6: Comparison of reflectance calculation (dashed) and in situ measurement
(solid) of a DBR designed for 630 nm and 7◦ angle of incidence. Plotted are the first 5
layers of the mirror starting with a λ/4-layer of TiO2. With the growth of a high refractive
index layer, the reflection around 630 nm increases, to decrease again with the following
low index layer. During the fabrication process, the development of the maxima and
minima around the design wavelength is observed. The deposition of one layer is stopped
when these points coincide. As the figure depicts, the installed system provides a good
coincidence with the simulation in the peak position and an acceptable overlap in the
relative intensities.
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Figure 4.6 shows measured reflectance spectra of first DBR layers in comparison
with a transfer matrix calculation. In the range from 450 nm to 700 nm, experiment
and model concide in spectral shape and intensity. The graph also depicts the oscil-
lation in intensity at the design wavelength in dependence of the layer number. With
the first high refractive index layer, the reflectance grows. The deposition of this
layer is stopped when the peak position in the measurement achieves the calculated
maximum wavelength. During the deposition of the next layer, low refractive SiO2, a
minimum enters the spectrum from the blue side of the spectrum and shifts towards
longer wavelengths. Again, the process is finished, when the peaks coincide. After
the coating with two alternating λ/4-layers, the reflectance at the design wavelength
is below the value after the first layer. In the deposition of layer 3, the spectral be-
havior is similar to that in the first layer growth. However, with the fourth layer,
the spectral behavior becomes complicated, since the reflectance changes are not as
distinct as before.
After six layers, the reflectance spectrum looses its sensitivity to small thickness
variations and the optical sensor has to be replaced. An exchange is easily performed
by rotating the sensor holder, to turn a previously covered glass substrate into the
detection beam. This technique allows for an optical thickness control in processes
independent from the total number of single layers. During the optical thickness
monitoring, the quartz oscillation method is used for evaporation rate control and
provides an orientation for the film thickness. If the final layer thickness values from
the quartz crystal stay constant over a number of evaporation cycles, the quartz
crystal method can be used instead of the optical system. This procedure is allowed,
since after about 10 or 15 cycles the process parameters approach a constant level
and the ratio optical thickness/physical thickness stays equal.
4.1.4 Structural properties
The structure of optical thin films deposited by the process of thermal evaporation
is almost always different from identical materials in bulk form. The properties are
mostly sensitive to the process conditions and appear usually in the form of lower
refractive index, higher losses, and reduced stability and durability [12].
A useful technique for studying the film structure is the electron microscopy.
Already, early investigations have shown the tendency of columnar structure growth
of physical vapor deposited films with columns in direction to the source [133–137].
The critical parameter for columnar growth is the substrate temperature, which is
usually noticeably below the melting point of materials for optical films. The thermal
energy of a molecule evaporated from an electron-beam melt is only about 0.1 eV. On
a cold substrate, this energy is immediately lost and the particle rests at the point
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where it hits the sample. Thus, on substrates kept at room temperature, deposited
films exhibit in the most cases a columnar structure [114, 138, 139]. The roughly
cylindrically shaped columns grow with diameters from several tens of nanometers
up to few micrometers in an approximately hexagonal formation. In TiO2 films, the
columns consist of rutil and anatase nanocrystals [117,140]. The presence of voids in
between the columns reduces the film package density and leads to a reduction of the
refractive index in comparison with bulk material. The packing density depends on
the ratio between substrate temperature and material melting point Tm (Fig. 4.7).
At low substrate temperatures, tapered crystallites grow, separated by voids. With
increasing substrate temperature, the film density increases towards packed fibrous
grains and columnar grains followed by a recrystalized grain structure [114,136,139].
In accordance with this model, for substrate temperatures from ambient to 300 ◦C,
SiO2 (Tm,SiO2=1470
◦C) and TiO2 (Tm,TiO2=1825
◦C) layers may preferably grow
in columnar structures with different densely packed grains. Due to the different
melting points, the SiO2 packing density exceeds the density of the titania films.
Figure 4.7: Coating structure as a function of the ratio of the substrate to melting
temperature. Adapted from [139].
Oblique angle deposition of optical thin films forms an oblique columnar struc-
ture, where the columnar growth angle β depends on the vapor incident angle α
often expressed by a tangent rule [137] (Fig. 4.8)
tanα = 2 tan β. (4.5)
This formula is used as a handy expression and is successfully applied for samples
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Figure 4.8: Illustration of the columnar growth under oblique angle deposition. The
column angle is tunable by a variation of the deposition angle.
prepared with low evaporation rates and limited diffusion after deposition. More
general theoretical approaches end up in the tangent rule as a special case [141–144].
In all models and experiments, the columnar angle is smaller than the angle of flux
incidence. For conditions used in the experiments presented within this thesis, the
tangent rule is sufficient to theoretically express the angle of columnar growth [145].
A three-dimensional simulation is performed with ballistic methods [146] and applied
for the modeling of columnar structures, as grown under large flux angles by the
method of glancing angle deposition (GLAD) [147, 148]. All models include self-
shadowing effects, which means the presence of an at least weakly uneven substrate
as a constraint for structural growth. In case of a flat substrate, the first layers of
the film grow with an amorphous structure and columnar growth is prevented. This
has been studied on TiO2 grown on Si (001), where the first approximately 20 nm
thick layer shows a much lower refractive index as following coatings [140].
In combination with columnar growth, an optical anisotropy is present in the
deposited layers. Applying a simple geometrical model, which assumes equally sized
columns, the cross section parallel to the substrate surface gives ellipsoids. Along
the major and the minor axis of this ellipses, the layers exhibit a different refractive
index leading to a birefringence. This model assumes an effective medium consisting
of columns of bulk material and voids of low refractive index media as air, water or
vacuum. It can thus be described as a metamaterial, since the column diameter is
below 100 nm and thus significantly smaller than the wavelength of light. With an
increasing columnar angle, the ratio between the axes of the ellipses becomes larger
and the birefringence is more pronounced. The resulting angle dependence of the
birefringence is experimentally confirmed for several metal oxides and deposition
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conditions [144,149–153]. The refractive index along the columnar growth direction
is also weakly influenced by the deposition angle and decreases with increasing flux
angle [149–151]. A thin film consisting of oblique columns exhibits different refrac-
tive indices for all three spatial directions. As a consequence, the Fresnel formulas
presented in Sec 2.1 for isotropic media are not valid. The formulas for p-polarization
have to be replaced by more general expressions [150, 154] since the refractive in-
dices for the normal and in-plane components contribute to the optical behavior for
non-perpendicular angles of incidence.
4.1.5 Organic dye system Alq3:DCM
The organic dye composite of tris-(8-hydroxyquinoline)-aluminum (Alq3) molecu-
larly doped with the laser dye 4-(dicyanomethylene)-2-methyl-6-[p-(dimethylamino)-
styryl]-4H-pyran (DCM) was first applied in OLEDs as a doped electroluminescent
layer [155] and later applied as one of the first active materials for organic solid state
lasers [54, 104, 107, 156–162]. Because of its relatively low lasing threshold [158] in
comparison to other dye compounds, it is still after 10 years a favorable laser system
and under extensive investigation.
The chelate Alq3 belongs to a stable class of organic metal complexes [163] and
was therefore applied in the first OLED [97]. In connection with thermal and photo-
stability, Alq3 combines good electron transport properties with a high photolumi-
nescence quantum efficiency of about 30% [164]. The maximum absorption of Alq3
is located in the ultraviolet spectral range with one peak close to the visual range at
around 400 nm (Fig. 4.9). In emission, it exhibits fluorescence as well as phosphores-
cence [165–167] with maximum peak positions at 530 nm and 730 nm, respectively.
In thin films grown by physical vapor deposition, the molecules occur in two differ-
ent geometrical isomers: the facial (fac) and the meridional (mer) which are defined
by the configuration of the hydroxyquinoline ligands [168–170]. The mer-isomer is
more stable and dominates in the layers, whereas the fac-phase shows a larger band
gap with a slightly blue shifted emission. Four different crystalline phases have been
observed so far, which explains the amorphous structure of evaporated films. It also
accounts for the good performance and thermal stability, where recrystallization is
retarded by the coexistence of several phases.
The dopant DCM is a very efficient arylidene laser dye and is preferably applied
in liquid solution for organic lasers [113,171,172].
As observable in the absorption and emission spectra, the electronic properties
of Alq3 and DCM make them a favorable compound for the creation of a four
level laser system. The Alq3 emission and DCM absorption exhibit a large spectral
overlap, which is a prerequisite for an efficient Förster energy transfer (also denoted
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Figure 4.9: (a) The molecular structure of the organic dye molecules Alq3 and DCM. A
compound of both layers operates as a quasi 4-level system: blue light is absorbed by Alq3
and transferred to DCM. At strong excitation, lasing may occur from DCM. (b) In optical
spectroscopy, an overlap of the Alq3 emission and the DCM absorption is measured, which
is a prerequisite for an efficient Förster energy transfer.
as fluorescence resonant energy transfer - FRET). In the laser system, the Alq3 is
applied as the matrix material, which is excited at high energies. In our experiments,
we preferably excite it at the absorption maximum at approximately 400 nm. The
exciton is, after relaxation to the lowest vibronic level in the excited state, transferred
to neighboring molecules via FRET. If the exciton is situated on a DCM molecule,
it immediately (in picoseconds) relaxes to the lowest vibronic level of the excited
state. In case of a low DCM concentration, where the Förster radius is larger than the
distance between the DCM molecules, a further resonant energy transfer is impeded
and the emission occurs on the DCM. Due to the long excitation lifetime of Alq3 of
circa 20 ns [155, 173–175], FRET is a very efficient process and nearly all excitons
created on Alq3 are rapidly (τtr=19 ps [56]) transferred to DCM. Independent studies
yield a Förster radius for the transfer from Alq3 to DCM of about 35 Å [176, 177],
which corresponds to a doping ratio of 2 weight% DCM. At this concentration, the
external quantum efficiency is maximized and the lowest lasing threshold at room
temperature is observed [157].
The optical constants of the compound are mainly defined by the Alq3 molecules.
In the emission range of Alq3 and DCM of 500-700 nm, the refractive index exhibits
a slight dispersion and a weak dependence on the fabrication conditions [178, 179].
The experimental results of refractive index determinations vary in literature with
nAlq3 = 1.68-1.73 [164, 180–183]. For the modeling of our laser structures, we use
the value of nAlq3 = 1.72 in the transfer matrix calculation [184]. The addition of
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2% DCM to the Alq3 matrix changes the refractive index due to the increased
attenuation value k in the DCM maximum absorption region from 500 to 600 nm.
Measurements at a mixed layer result in an index variation of the compound with
nAlq3:DCM = 1.70-1.75 at 500-700 nm [185]. Assuming this property, we model the
compound with the same optical constants as the pure Alq3 film.
A main advantage for the microcavity fabrication is the high thermal and struc-
tural stability of Alq3 and DCM, which enables the fabrication of double-DBR res-
onators. Usually, organic dyes are sensitive to the high temperature deposition pro-
cess of metal oxides by electron-beam evaporation [186]. This fabrication method
leads normally to the loss of photoluminescence and electronic properties and is well
known in OLED processing, where top contacts are made by the low temperature
deposition of metals. The stability of Alq3:DCM is the basis for the generation of
high-Q microcavities for organic VCSELs [56,187,188].
4.2 Optical sample characterization
4.2.1 Linear transmission, reflectance and fluorescence
Transmission - fluorescence setup
For angle dependent transmission and fluorescence measurements, we use among
other commercial spectrometers a custom-built setup, which provides a high vari-
ability. In linear absorption measurements, a halogen lamp is used as light source.
For fluorescence detection, different laser sources are available for the sample excita-
tion, providing 532 nm (5 W, cw), 407 nm (3 mW, cw), or 390 nm (∼ 50 mW, 80 MHz)
wavelength. The sample is fixed on a three-axis stage, for horizonal and lateral
movement with micrometer accuracy, and a rotation along the vertical axis. In both
regimes, the sample is imaged onto a square slit. This restricts the sample area from
which the transmitted light is collected to a small spot of about 100×100µm2. Thus,
possible averaging due to lateral thickness variations is reduced. The transmitted
beam is focused by a second lens onto the entrance slit of a 0.5 m monochromator4
equipped with a 1200 lines/mm grating. The spectrum is dispersed onto an opti-
cal multichannel detector, a thermo-electrically cooled charge-coupled device with a
256×1024 pixel array5. The camera is read out by a controller6 which forwards the
spectral data to a computer.
4Model 500M from Jobin-Yvon
5TE/CCD-1024EM/UV detector from Princeton Instruments
6ST133 (16Bit) from Roper Scientific
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Spectral photometer
In addition to the previously discussed setup, a commercial spectral photometer7 is
applied for the detection of the transmission and reflectance of optical thin films.
In this spectrometer, two different light sources enable measurements from 200-
3500 nm. The light is guided through a monochromator and split into two beams,
where one is usually the sample beam and the other is kept empty as the reference
beam. The detected sample area is dependent on the beam diameter and the selected
slit width and is in a standard configuration of the order of several square millimeters.
With a decreasing detection area, the spectral resolution is enhanced below 1 nm.
In the investigation of samples with a position dependence in the optical properties,
the large detection area reduces the accuracy of the measurement with a signal
reduction and spectral broadening (see Sec. 5.1). Due to the configuration with a
monochromator before the sample, also photoluminescence contributes to the signal,
which should be considered and accordingly corrected for organic dyes with a high
photoluminescence quantum yield.
Fluorescence spectrometer
Photoluminescence measurements which necessitate a high detection sensitivity are
preformed by a fluorescence spectrometer8. The excitation light from a 150 W xenon
lamp is spectrally selected in a Cerny-Turner-monochromator before illuminating the
sample. The emission of the investigated material is guided through a second iden-
tical monochromator for a corresponding spectral analysis. Each monochromator is
tunable from 200-900 nm enabling a spectral resolution of about 4 nm. In the stan-
dard configuration, the excitation beam is perpendicularly incident on the sample
surface, whereas the emission is detected at an angle of 22.5◦. The adequate selection
of an edge filter suppresses the detection of excitation light in the photomultiplier
tube9.
For selected experiments with high excitation intensities, we use a He-Cd-laser,
which provides emission wavelengths of 325 nm and 442 nm with a maximum output
of 10 mW at 442 nm.
4.2.2 Time resolved transmission and emission
Optical experiments with temporal resolution in the picosecond range and faster
are usually performed with an up-conversion technique (Fig. 4.10 a). This powerful
method relies on the sum-frequency generation from a femtosecond laser pulse and a
7UV-2101/3101 PC from Shimadzu
8Fluoromax from SPEX
9R928P, Hamamatsu
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second signal in a non-linear crystal. The femtosecond laser beam is therefore split
into two beams, the gate and the pump beam. Depending on the experiments, the
pump beam is either directly transmitted through the sample or frequency doubled
beforehand to pump organic molecules. The temporal resolution results from a
mechanical variation of the gate pulse path length and additionally depends on
the pulse length. If the pump pulse and the sample signal overlap in space and
time in the non-linear crystal the sum-frequency of both pulses is generated. As a
consequence, the up-conversion signal is generally plotted as a function of the time
delay τ (Fig. 4.10 b). Mathematically, it is the convolution of the sample signal and
the gate pulse.
Figure 4.10: Experimental setup for time resolved transmission and luminescence mea-
surements using the up-conversion technique (a). In a non-linear crystal the sample signal
is superposed with the delayed gate pulse (b). The resulting up-conversion signal is the
convolution of the gate and the sample pulse.
Ultrafast experiments with temporal resolution in the picosecond range are per-
formed with two different laser setups. One system is specifically applied for photo
mixing experiments of transmitted light through passive microcavities. By another
setup the stimulated emission of organic active microcavities is investigated with
lower repetition rate and high pulse power.
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For time-resolved transmission measurements, near-infrared laser pulses are gen-
erated by a standard Kerr-lens modelocked Ti:Sapphire laser system (Tsunami,
Spectra-Physics) which emits 782 nm pulses with a typical duration of around 150 fs
and 7 nm linewidth at a repetition rate of 82 MHz. This laser is continuously pumped
by a diode pumped Nd:YVO4 laser (532 nm, 5 W) which is equipped with an intra-
cavity second-harmonic-generation (Millennia, Spectra Physics). The up-conversion
of the transmission and the gate pulse is performed by a 200µm beta-BaB2O4 (BBO)
non-linear crystal. For the signal detection, the same spectrometer/CCD configura-
tion is applied as for the linear transmission measurements (see Sec. 4.2.1). Therefore
this setup allows for the temporal and spectral analysis of the up-conversion signal.
Whereas high repetition rates and low pulse powers enable the successful inves-
tigation of passive structures, the analysis of active microcavities requires a different
optical setup. The laser threshold of organic VCSELs demands relatively high pulse
powers in combination with a low repetition rate, diminishing the bleaching of or-
ganic semiconductors. For this purpose an amplifier laser system is used. The
light of a diode-pumped and frequency-doubled Nd:YVO4-laser (Millennia, Spectra-
Physics) with 2.2 W continuous-wave output power is used to pump a custom-built
mode-locked Ti:Sapphire laser. This laser generates pulses of approximately 70 fs
pulse length and 1 nJ pulse energy at a repetition rate of 80 MHz. Its emission is
directed into the regenerative amplifier system (Spitfire) as a seeding laser. The
amplifier is pumped by a Q-switched Nd:YLF laser (Merlin, SpectraPhysics) that
provides 500 ns pulses at 1 kHz repetition rate of an energy of approximately 10 mJ.
Finally, the emitted 800 nm amplifier pulses have an energy of 0.7 mJ at a rate of 1
kHz and 200 fs pulse length.
Before exciting the organic microcavity, the amplifier emission is divided in gate
and pump beam. The frequency doubled pump light is focussed on the OVCSEL
afterwards. After the sample, the emission is spectrally analyzed with a spectrom-
eter/CCD combination with a spectral resolution of 0.05 nm or temporally investi-
gated by up-conversion. The up-conversion signal of cavity luminescence and gate
pulse is detected in a photomultiplier tube (R212, Hamamatsu) and electronically
filtered by a laser triggered lock-in amplifier (SR 850).
4.3 Microcavity classification
The microcavities investigated within the framework of this thesis are separated into
eight classes and can be described by three parameters (Fig 5.1). The first parameter
divides the structures in passive and active structures, dependent on the material
in the resonator layer. Here, passive microcavities consist of dielectrics and metals
only and are investigated by transmission and reflection measurements. This means
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that all experiments are performed from outside the structure and the influence of
the structure on incident light waves is studied. The term ”active” is applied for
resonators which contain particles, here organic molecules, which interact with an
external field by absorbing and emitting photons. In these cases, the source of the
detected light is located inside the microcavity and allows for the investigation of
their influence on the emission. The emission behavior is mainly studied in the
weak coupling regime, where the cavity field strength is directly connected to the
emission rate. Samples working in the strong-coupling regime and forming polaritons
are preferably analyzed in transmission.
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Figure 4.11: Schematic classification of investigated microcavities
A further parameter describes the cavities by the refractive index distribution
within the optical thin films. If the layers are considered as isotropic, the optical
properties are cylindrically symmetric and equal for every perpendicular incident
polarization. Internal structures within the layers can lead to a birefringence and
optical anisotropy and the former symmetry is invalid. As a result, resonator modes
with different frequencies and orthogonal polarization appear even at normal angles
of incidence.
The number of resonator layers within one structure defines the number of res-
onant modes within the stop band of a microcavity. In a single cavity, one observes
only a single mode, whereas in coupled cavities, the number of resonant modes in-
creases and is equal to the number of resonator layers. The number of structure
layers is mainly limited by the fabrication process. Thus only coupled cavities with
two or three resonators are produced and researched within this work. In coupled
anisotropic microcavities with an inverted active resonator layer, four laser modes
can be observed in emission.
In the following, the experimental part of this work consists of two Chapters: the
first Chapter is focussed on passive structures, followed by a Chapter about active
microcavities including organic cavity lasers.

5 Passive microcavities
This Chapter focuses on the results and discussions on passive microcavities.
Here, the term ”passive” is applied for structures that consist of dielectric layers only.
To gain insight into the optical behavior, optical experiments are performed with a
light source outside the devices. The influence of the microcavities on linear and
time-resolved transmission and reflection measurements is discussed and compared
to calculations with transfer matrix and Fourier transform based algorithms.
5.1 Sample uniformity and quality factor
As discussed in the previous Chapters, the main property of microcavities is the
development of a resonance in an optically forbidden band. The strength of the
resonance is described by the quality factor Q. One way to gain knowledge about
the cavity grade is the measurement of the resonance position and linewidth and the
following calculation of Q. Nevertheless, for high-Q devices this procedure requires
an accurate setup with high spectral and spatial resolution, which is not provided by
standard transmission spectrometers. The reasons for this are explained below. A
more easily accessible measurement is the transmission or reflection in a wide spectral
range around the cavity resonance. The resonance linewidth is a result of the quality
of the reflectors, whereas the cavity mode position is mainly influenced by the cavity
layer thickness. In contrast to the resonator layer, the modes outside this region are
much more sensitive to layer thickness variations in the DBRs and an indicator
measurable by low resolution setups. Figure 5.1 shows the transmission spectra
of two high quality single and coupled microcavities obtained by the Shimadzu
transmission spectrometer, where the spot size is several square millimeters. In the
single cavity experiment, the Q-factor of 320 coincides with the theoretical value of
the perfect design. A comparison of the peaks outside the stop-band in experiment
and calculation exhibits a coincidence in most features as relative peak positions
and heights for both the single and the coupled microcavities. Small deviations
are caused by thickness or refractive index variations in the experiment or by small
discrepancies in the refractive index models. It has to be stated that the calculations
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are not the result of spectral fittings, but are results of the modeling with the layer
refractive index models presented in Sec. 4.1.2. This demonstrates the precise layer
deposition of the investigated samples.
400 600 800 1000
0
25
50
75
100
0
25
50
75
100
400 600 800 1000
400 600 800 1000
0
25
50
75
100
400 600 800 1000
0
25
50
75
100
Tr
an
sm
is
si
on
 (%
)
Tr
an
sm
is
si
on
 (%
)
Wavelength (nm)                           Wavelength (nm)
680 700 720
0
20
40
60
80
100
Q = 320
 = 2.2 nm
 
 
 
 
680 700 720
0
2
4
6
8
10
 = 4.2 nm
Q = 120
Q = 300
 = 2.3 nm
 
 
 
a) single MC                                            b) coupled MC
calculationcalculation
experimentexperiment
 
 
Figure 5.1: Comparison of high quality passive single (a) and coupled (b) microcavities.
The designs are 4Gm (T S)5 T 2S T (S T)5 for the single cavity and 4Gm (T S)5 T 2S T
(S T)7 2S T (S T)5 for the coupled cavity. The design wavelength is in both samples λd =
700 nm and the refractive index of the 4 mm thick substrate is nG = 1.52. The calculation
shows the transmission spectra for ideal samples with perfect layer thicknesses and re-
fractive indices as obtained by ellipsometric measurements at single layers. Experimental
transmission measurements are done with the Shimadzu spectrometer.
In the measurement of the coupled microcavity, the detected maximum trans-
mission of the cavity modes is far below the expected value close to unity. This is
in contradiction to the analogy of calculation and transmission spectra in the off-
resonance regions of the spectra, which is a sign of an accurate sample structure.
Here, the main reason is the strong dependence on the resonator layer adjustment.
Both cavity modes have to be resonant in both λ/2-layers, a condition which is
perturbed already by a small resonator thickness misalignment.
The spectroscopic analysis of the mode structure requires only a moderate spec-
tral resolution in the transmission and reflection measurements. This changes when
the determination of the Q-factor is the focus of interest. Its value can be obtained
by the measurement of the spectral cavity mode linewidth or the decay time of
emitted or transmitted light. As the Q-factor is a characteristic of the number of
cavity round trips, it depends mainly on the reflectivities of the two mirrors and on
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the magnitude of internal losses by absorption and scattering. These losses lead to
a homogeneous broadening of the Lorentzian transmission, here represented by the
intensity T (ω) with
T (ω) =
µ2
(ωc − ω)2 + γ2 . (5.1)
In this equation, the light frequency and the cavity mode central frequency are ω and
ωc, respectively, 2γ is the linewidth, and µ
2/γ2 is the correction factor for the inten-
sity. The Lorentzian signal is additionally broadened in the measurement process.
This effect is for example caused by the spot size of the detection setup, where the
diameter cannot be infinitely minimized. Material and thickness deviations within
the detected area contribute to the broadening. Mathematically, the transmission
experiment is described by a convolution of the signal, here T (ω), and the response
function R(ω) resulting in the finally recorded transmission spectrum T̃ (ω) by
T̃ (ω) = T (ω) ∗R(ω). (5.2)
The choice of the particular response function depends on the experimental setup
and the sample properties. During the fabrication process, geometrical deviations
may form a wedge shaped structure with a linear change of film thickness or refractive
index. In this case, a rectangular response function explains the resulting spectral
blurring. For example, a linear thickness variation leads to a linear spectral line shift.
As a consequence, Lorentzians with continuous spectral distribution contribute to
the transmission process within a certain frequency range. In case of statistical
variations in film thickness or refractive index, e.g. layer roughness, a Gaussian is
the preferable response function. The influence of the response functions of a wedge
shape cavity and of a statistically inhomogeneous system is compared in Fig. 5.2. In
this model, the signal Lorentzian with a central frequency of ωc = 1.77 eV (700 nm)
and a linewidth γ = 10 meV (4 nm) is convoluted with a rectangle function and
Gaussian of equal half width (2 % of ωc or 35 meV). For comparability, the response
functions are normalized in order to keep the integrated intensities of the Lorentzian
and the convolution result constant. In both models, the transmission modes are
significantly broadened, accompanied by a reduction of the peak intensities. The
differences in the line shapes are noticeably distinguishable and allow for a determi-
nation of the dominating broadening process in real structures.
The influence of different sample fabrication geometries in the same vacuum
process is presented in Fig. 5.3. Here, the substrates are placed closest to each
other on one sample holder. Then, a set of four coupled microcavities is off-axially
produced in the vacuum chamber. This results in an oblique layer deposition and
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Figure 5.2: The two main effects for spectral broadening in transmission experiments.
The local transmission curve is modeled by a Lorentzian (black) with a spectral width of
4 nm. The transmission experiment is explained by the convolution of the signal with a
response function (red). In case of a wedge shaped layer distribution the response is a
rectangle function. If the layers have statistically distributed thicknesses, the response is
assumed to be a Gaussian. Here, the widths of both responses are 2 % of the resonance
center frequency. The result of the convolution (blue) shows different spectral shapes and
reduced maximum intensities for the two mechanisms.
decreasing layer thickness with increasing flux angle and distance (Fig. 5.3 inset),
which is typical especially for electron beam evaporation of SiO2 [114]. Although the
substrates are mounted side by side, the cavity modes and thus the film thicknesses
shift by around 10 % over a lateral distance of approximately 5 cm on the substrate
holder. The resulting wedge shape in the thickness variation leads to the typical
broadening discussed above. With increasing flux angle, the gradient in the thickness
variation becomes larger, which is observed in the broadest transmission modes
in sample #4. In principle, the real transmission mode T (ω) is accessible by a
deconvolution of the measurement T̃ (ω). The necessary values of either the linewidth
2γ or the maximum intensity µ2/γ2 can be modeled by transfer matrix calculations
with small uncertainties for a single cavity. Unfortunately, in a coupled cavity, the
mode intensity does not only depend on the system absorption. It is also sensitive on
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the adjustment of the two resonator layers. Therefore, the deconvolution approach
is not applicable for the example presented in Fig. 5.3. Nevertheless, sample #2
exhibits a narrow linewidth and a nearly ideal shape. This indicates a homogeneous
film thickness resulting in a measured quality factor of 560. In contrast to the
simulations, the experimental cavity modes additionally show an asymmetry, which
can be the result of a non-linear wedge gradient and different slopes in orthogonal
lateral directions.
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Figure 5.3: Experimental transmission spectra of coupled microcavities with different
positions on the sample holder. Layer thickness and strength of the wedge depend on the
distance from the evaporation source. The sample distance from the vaporator increases
with the sample number. Measured with Shimadzu transmission spectrometer.
In experiments with comparably large spot sizes, the effect of a wedge shape is
the dominating broadening process. Only for planar structures and small spot di-
ameters, the Gaussian distribution in the layer parameters becomes the main broad-
ening factor. In this case, the experimental curves have a Voigt function line shape.
The strength of the Gaussian contribution is not strongly dependent on the fab-
rication geometry. In comparison with III-V nitride microcavities [189] the layer
inhomogeneity is relatively small as confirmed by transmission measurements. It
can be seen in the results of the single cavity in Fig. 5.1, where the experimental
and theoretical linewidth agree. The spectral resolution in the experiment is not
only connected to the quality of the detector but also to collimation and focus of
the illuminant. Although quite extraordinary and not a standard device, a short
pulse laser with its broad emission linewidth is the preferable light source [190]. By
its coherence, a laser can be focussed into a much smaller spot size than a standard
lamp. Achievable laser focus diameters are of the order of the light wavelength and
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thus at least one order of magnitude below the focal spot of a blackbody emitter.
At this point, it has to be stated that a high layer thickness uniformity is not the
aim of this work. For research aspects, non-uniform and wedge shaped optical films
have the advantage of a line shift by laterally scanning the sample at a normal angle
of incidence. In comparison with the line shift by a variation of the light incidence
angle, this technique avoids an offset of the light beam after transmission as it is
mainly caused by an optical thick substrate. In reflection experiments, the cavity
mode can be positioned within a certain spectral range, facilitating the setup by the
fixed observation angle. This is successfully performed in experiments on strongly
coupled organic microcavities [67,68].
5.2 Transmission and angle dependence
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Figure 5.4: Comparison of experimental and fitted transmission of coupled microcavity
(a). The sample design is (T S)5 T 2S (T S)5 T 2S (T S)5 T with the design wavelength
of λd = 860 nm. The layer thickness distribution for the fit result shows small deviations
from the perfect quarter and half wave optical thicknesses (b).
Data evaluation of optical experiments requires an accurate knowledge of the
sample structure and the optical constants. As presented in Sec. 4.1, the refractive
indices of the dielectric materials SiO2 and TiO2, determined by ellipsometric mea-
surements, are the basis for the optical modeling. Thus, the remaining parameters
are the layer thicknesses. Despite the usually high number of layers, one single
optically measured spectrum is adequate for the thickness fitting, if the number
of wavelength points exceeds the film number. The spectra are fitted by the Film
Wizard thin film software using modified Levenberg-Marquardt and modified Sim-
plex algorithms [191]. Global fitting methods of the respective models and varied
starting parameters are applied in order to exclude thepresentation of local minima.
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Figure 5.4 a shows the transmission spectrum and the corresponding fit for a 35 layer
coupled microcavity. Fit and experiment exhibit a good overlap especially in the
spectral range near the stop-band. At shorter wavelengths, the intensity deviates,
probably due to differences in the imaginary parts of the refractive indices of the
model and the real structure. Nevertheless, the most prominent features as peaks
and minima are properly represented. In the specific sample, the high refractive
index layers are slightly thinner than quarter wave optical thickness, whereas the
resonator layers are thicker than one half wavelength (Fig. 5.4 b).
After fitting the layer thicknesses, the optical spectra of the structure can be
calculated for all angles of incidence and both polarizations. Figure 5.5 compares
angle and polarization dependent transmission data of the 35 layer coupled micro-
cavity with transfer matrix calculations. It exhibits the typical shift of the mode
structure towards higher energies with increasing angle of incidence. Additionally,
with higher angles, the transmission intensity of the s-polarized modes is drastically
reduced. This effect is also demonstrated in the experiment. For the largest angles,
a superposition with p-polarized light transmitted through the polarizer hides the
weak structure of the s-polarization. Neglecting this experimental artifact, experi-
ment and theory coincide, which demonstrates the accuracy of the thickness fitting,
the optical constants, and the transfer matrix method.
5.3 Time-dependent transmission of short laser
pulses
Mathematically, the frequency spectrum of a signal allows for a direct reconstruction
of the temporal dynamics of the signal generating system. This relation is usually
described by a Fourier transform. The transmission and reflection spectra of a
microcavity exhibit Lorentzian shaped resonances. By a Fourier transform of the
cavity modes follows the property of a light trap (q.v. Eq. A.7 and A.8). The light
is stored within the resonator and leaves the cavity statistically. An exponential
intensity decay is observable in a time-dependent measurement. For a corresponding
experiment a laser emitting ultrashort pulses is the preferable light source. It fulfills
the constraints of coherence and a broad spectral width to excite one or more cavity
modes including their wings. Normally, the spectra of ultrashort laser pulses are
of Gaussian line shape with a consequential Gaussian temporal intensity evolution.
The temporal development of the electric field reflected or transmitted by a structure
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Figure 5.5: Angle dependent transmission of a coupled microcavity for s- and p-
polarization. Experimental results (a) are compared to calculations (b) based on a design
fit. Sample design as in Fig. 5.4 with different design wavelength due to a shift of the
measured sample position.
is given by a Fourier transform with
E(t) =
∞∫
−∞
√
I(ω)L(ω)eiφ(ω)dω. (5.3)
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Here, L(ω) is the intensity spectrum of the coherent light source, I(ω) is the power
reflectance or power transmittance of the device, and φ(ω) is the phase shift af-
ter reflection or transmission. For a planar film structure, I(ω) and φ(ω) can be
calculated by the transfer matrix algorithm or measured with a spectrometer and
interferometer, respectively.
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Figure 5.6: (a) Initial values for the calculated temporal transmission through a single
microcavity with the structure (T S)6 T 2S (T S)6 and the design wavelength of 800 nm. A
Gaussian laser pulse (red) is incident on the microcavity defined by its transmission (blue
straight) and phase shift (dotted). (b) The Fourier transform exhibits an exponential
decay which coincides with the cavity photon life time.
The Fourier transform approach provides correct results for pulses with several
hundred femtoseconds pulse length. The application of a transfer matrix spectrum,
which is the solution of continuously incident light, is supported by the penetration
time of a DBR with few femtoseconds in metal oxide structures (q.v. Sec. 2.3). After
the permeation of light into the cavity, the electric field intensity inside the resonator
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increases, the typical mode structure develops and the cavity becomes transparent
at the cavity mode. For laser pulses that are temporally equal or shorter than the
corresponding penetration time, a cavity appears high reflective. Even at the cavity
mode frequency, the complete pulse is reflected with a phase delay time τr (Eq. 2.44).
Figure 5.6 presents a simulation for a realistic microcavity with a resonance at the
design wavelength λd = 800 nm and a Q-factor of 590. Here, a 300 fs long Gaussian
laser pulse with a corresponding FWHM of 6 nm at 800 nm wavelength is transmit-
ted through the resonator. The transmitted light intensity increases with a Gaussian
shape nearly resembling the temporal beam profile. The zero point in time desig-
nates the temporal intensity maximum of the incident pulse and coincides with the
maximum of the Fourier transform of the pure pulse. Shortly after the transit of the
pulse maximum, the transmission signal starts decaying. In accordance with this
statistic process, the light intensity decreases with an exponential slope. The decay
time of τ = 0.25 ps coincides with the Q-factor of the cavity (Eq. 2.55).
Figure 5.7 a shows the transmission and phase shift spectra of coupled microcav-
ities with two resonator layers and central DBRs with a different number of pairs.
The design wavelength for all samples is again 800 nm and the spectral properties
of the laser are the same as for the single cavity simulation. In dependence of the
reflectivity of the central DBR, the two cavity modes of each structure are differen-
tially separated. In the case of the strongest coupling between the resonator layers,
both modes are widely separated. Therefore, in the thinnest sample, the mode dis-
tance is noticeably wider than the spectral laser width. In the Fourier transform of
this sample appears a Gaussian time trace with low intensity (Fig. 5.7 b). Mainly,
the incident light is reflected from the structure and the modes are not excited by
the laser. With moderate coupling in the sample with 6.5 pairs in the central DBR,
the outer wings of the laser spectrum enable an excitation of both cavity modes.
As a consequence, the transmission decays exponentially with an additional beat-
ing. The beating frequency coincides with the spectral distance of the two modes
of 5.2 THz. Before exponentially decaying, the intensity exhibits a Gaussian slope,
which is based on the transmission of the spectral pulse maximum through the re-
gion between the two modes. This behavior also resembles the temporal pulse shape
of the laser pulse. In contrast to the thinnest sample, the intensity of the transmit-
ted light is higher since the reflectivity around 800 nm wavelength is reduced. In
the spectra of the thickest sample with 9.5 central DBR pairs, the modes show the
smallest separation and the laser excites both modes with a high intensity. In the
Fourier transform of this structure, the transmission intensity directly exponentially
decays after the maximum with a smaller beating frequency than in the former case.
The results of these simulations confirm the usability of the presented algorithm
to the temporally model laser pulse transmission in a fast and simple manner. An-
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Figure 5.7: (a) Initial values for the calculation of temporal transmission through coupled
microcavities with the structure (T S)6 T 2S (T S)n 2S (T S)6 (n = 3,6,9 ; n. . . number
of central DBR pairs) at the design wavelength of 800 nm. The Gaussian laser pulse
(red) excites two coupled cavities with their transmission power (straight) and phase shift
(dotted). (b) The temporal behavior strongly depends on the central mirror thickness and
coupling between the two modes. The Fourier transform exhibits the exponential decay
which coincides with the cavities photon life time.
other approach is the finite difference time domain (FDTD) method [192]. Here,
for the simulation the layer structure is divided by a grid in a number of isotropic
regions. The Maxwell equations are solved time-dependent and separately for each
region with dynamically changed boundary conditions. An accurate simulation re-
quires a large number of areas and small temporal steps. This makes the procedure
78 5 Passive microcavities
extremely time consuming. In a comparison with the transfer matrix and Fourier
transform approach, the FDTD method exhibits comparable results, with a much
longer processing time. The advantage of the FDTD algorithm is the application
on arbitrary one-, two-, and three-dimensional structures, and the implementation
of radiation sources into the device.
5.4 Photonic Bloch oscillations in coupled
microcavities
The topic of the work in this Section is the observation of spatial oscillations of the
internal electric field in a coupled microcavity. In Sec. 2.5, we have discussed the
optical properties of coupled microcavities. In the presence of two and more adjusted
cavity layers, the mode structure consists of a number of cavity modes equal to the
number of resonators. The alignment of the cavity layers leads to symmetric and
antisymmetric modes with different energy. In time, the electric fields of each mode
oscillate with another frequency. The interference of the electric field vectors of
waves with different frequencies results in a spatial oscillation of the light intensity.
The light oscillates between the two cavities with a beating frequency identical to
the frequency difference of the participating modes.
Two different designs of coupled microcavities are presented in order to perform
time-resolved measurements, which indirectly verify the internal energy oscillation.
5.4.1 Precision requirements and fabrication
Coupled microcavities require a noticeably higher precision in fabrication than single
cavities. This is due to the fact that only in symmetric structures, the resonator
modes develop a symmetric or antisymmetric distribution of the electric field. In
case of slight asymmetries, this behavior is disturbed. In asymmetric structures, the
electric field intensity of the two modes is concentrated in opposite cavity layers.
This reduces the amplitude of a potential beating, which means that an oscillation
of the light between cavity modes is prevented, since both modes are located in
another cavity layer and their respective electric fields do not interact.
A usual cavity deposited on a substrate is asymmetric since the ambient material
and the substrate have a different refractive index. One can circumvent this problem
by a design of the top DBR which deviates from an ordinary mirror with λ/4-layers.
Additional adjusted layers may compensate the phase and amplitude shift from the
substrate and the bottom mirror. For the samples presented within this thesis, this
technique is not applied. It requires an exact knowledge of the optical parameters of
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Figure 5.8: Thickness sensitivity of a coupled cavity on the resonator thickness adjust-
ment. Plotted is the transmission of a coupled microcavity with the air embedded design
(1H 1L)5 1H 2L 1H (1L 1H)5 2L (1H 1L)5 1H (nH = 2.2, nL = 1.45, λd = 1000 nm) in
dependence on the optical thickness of the second cavity layer.
all layers, which is not provided by our fabrication method and sample characteri-
zation. Another important point for the symmetry is the alignment of the resonator
layers. Figure 5.8 depicts the influence of the thickness of one resonator layer on
the mode positions and intensities in an otherwise perfectly matched device. If the
cavity layer has λ/2-thickness, the two modes exhibit the smallest mode separation
and the largest coupling, which is demonstrated by a maximum transmission. With
a variation of the resonator layer thickness, the cavity modes undergo an anticross-
ing. Already a 10 % thickness deviation from the perfect configuration drastically
reduces the maximum transmission of the two cavity modes. This misalignment also
doubles the splitting between the modes. In conclusion, a high precision is required
in order to achieve the lowest beating frequency with the highest oscillation contrast.
5.4.2 Sample design
For the coupled cavity experiments, two different sample designs are applied. In the
first design, the microcavity consists of two λ/2-layers of SiO2, which are surrounded
by three DBRs. The mode structure at normal angle of incidence is only weakly
tunable. However, lateral thickness variations enable a shift of the cavity modes in
this monolithic design. The investigated monolithic structure consists of three 5.5
pair DBRs at a design wavelength of about 800 nm.
In a second sample structure, two cavities are directly attached with their surfaces
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Figure 5.9: Formation of a coupled cavity by direct attachment of two single microcavities.
The double-monolithic design allows a mode tuning by piezo motors with submicrometer
precision.
(Fig. 5.9). Both cavities are produced in the same fabrication cycle. Therefore,
they have nearly identical optical properties. One of the cavities is fixed in the
sample mount, whereas the other sample is movable by three piezo motors with
submicrometer precision. Both cavities are separated by an air gap that is caused
by dust particles located at the surfaces. These particles can have sizes up to about
hundred micrometers and limit the minimum distance between both samples. If
both parts are aligned, the sample symmetry results in a triple cavity. The two
λ/2-layers of SiO2 act as cavity layers. Additionally, the two λ/4-layers of TiO2
atop the single cavities and the air gap form a third cavity layer.
In the transmission experiments, two cavities with 7.5 pairs in the bottom DBR
and 2.5 pairs in the top DBR are directly attached. The mode structure of the
double-monolithic design is strongly dependent on the spatial distance of the two
parts. Figure 5.10 plots the calculated positions of the cavity modes in dependence
on the size of the air gap. In the simulation, either two or three cavity modes
contribute to the internal electric field oscillation at gap thicknesses around 1µm.
With more realistic distances around 100µm, the number of modes is increased and
the mode distance is reduced to around 1.3 THz.
5.4.3 Terahertz oscillation
First, we discuss the experiments with the monolithic design. Figure 5.11 depicts the
transmission spectrum of the monolithic cavity illuminated by a Ti:sapphire laser. In
this experiment, the laser provides an emission line at 818 nm with a spectral width
of 15 nm. Two modes are measured after transmission of the laser light through the
coupled cavity. With their corresponding spectral positions at 820.3 nm (365.5 THz)
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Figure 5.10: Calculated cavity mode positions of a double-monolithic microcavity in
dependence of the air gap. The structure (1T 1S)7 1T 2S 1T (1S 1T)2 Air (1T 1S)2 1T
2S 1T (1S 1T)7 is designed for 800 nm. The influence of thickness variations around air
gap sizes of 100µm (a) and 1µm (b) are demonstrated for the mode positions around the
design wavelength. With increasing thickness of the cavity distance the number of cavity
modes increases with a reduced mode splitting.
and 812.9 nm (368.8 THz), they exhibit a mode splitting of 3.3 THz.
The time-dependent transmission of the coupled microcavities is investigated by
an optical gating experiment. A short laser pulse with a broad Gaussian spectral
shape is transmitted by the cavity modes and guided into a non-linear crystal. In
the crystal, a time-delayed gate pulse from the same laser is up-converting the trans-
mission signal. The sum-frequency signal is detected spectrally resolved with a CCD
array. By changing the light path of the gate beam, the delay time is varied and
thus the temporal evolution of the transmitted light is evaluated.
Figure 5.12 a presents the up-conversion signal of the laser pulse transmission
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Figure 5.11: Laser spectrum and transmission spectrum of the monolithic microcavity.
The laser excites both cavity modes - the basis for an oscillation of the internal electric
field.
Figure 5.12: Measured (a) and calculated (b) up-conversion signal of a transmitted laser
pulse through a monolithic coupled microcavity. The transmission shows a beating of
3.5 THz with tilting of the wavefront originating from a laser chirp.
through the monolithic coupled microcavity. After a fast signal rise, the intensity
decreases exponentially with a longer decay time. The most prominent feature in
the experiment is the beating of the transmission signal with a frequency of about
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3.5 THz. This beating corresponds directly to the spectral distance of the two cavity
modes. A slight difference is caused by a shift of the investigated area between the
linear transmission and the up-conversion experiment. An additional feature in the
measurement is the tilting of the wavefront. This behavior is attributed to a chirp
of the laser pulses.
The up-conversion signal |U(ω, τ)|2 is modeled by an analytical approach with
the final formula:
U(ω, τ) =
2∑
j=1
(−1)j
√
−2iβ + Γ2πµj Erfc
[
−−2γj − (+2iβ − Γ
2)τ + i(ω − 2ωj)
2
√
−2iβ + Γ2
]
× exp
{
−−2γ
2
j + ω
2 + 2γj[(−2iβ + Γ2)τ + i(ω − 2ωj)]
2(−2iβ + Γ2)
}
× exp
{
−−(4β + 2iΓ
2)τ(ω − ωj)− 2ωωj + 2ω2j − 2ωωL + 2ω2L
2(−2iβ + Γ2)
}
. (5.4)
A derivation of this equation can be found in the Appendix A.2. Laser and cavity
parameters are both taken into account. The Gaussian laser pulse is described by
a linewidth Γ with a linear chirp β and a center wavelength ωL. The cavity modes
j = 1, 2 are assumed to have Lorentzian line shape with a center wavelength ωj,
a linewidth γj, and an amplitude µj. The signal is calculated as a function of the
up-conversion frequency ω and the gate laser delay time τ .
The calculation results are plotted in Fig. 5.12 b. The parameters are selected
to yield a good correspondence with the measured transmission: ~ω1 = 1526.5 meV
(812.2 nm), ~ω2 = 1510 meV (821.1 nm), µ1 = µ2, ~γ1 = ~γ2 = 1.1 meV, ~Γ = 4.8 meV,
β= 30, and ~ωL = 1520.4 meV (815.5 nm). The cavity mode frequencies differ slightly
from the linear transmission spectra, as already seen in the deviation of the beat-
ing frequency. However, the calculation reproduces the signal shape, the decay, the
beating, and the spectral tilting of the oscillation maxima. In the simulation, the
tilting is completely attributed to the laser chirp, which is introduced by the set of
Γ and β that fit the experiment best. An influence of the cavity on the temporal
evolution of the wavefront cannot be excluded. Naturally, the cavity modes and
especially the phase shifts slightly deviate from the Lorentz model. However, an
influence of the microcavity phase shift and the material dispersion on a potential
tilting is not demonstrated in numerical transfer matrix calculations. In this model,
the transmission of an unchirped Gaussian laser pulse is simulated and subsequently
twofold Fourier transformed. The results of this numerical approach coincide with
the analytic model without a laser chirp.
Applying the same optical gating experiment, the temporal evolution in a dou-
ble monolithic coupled microcavity has been investigated. Figure 5.13 a depicts the
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temporal evolution of a transmitted laser pulse. After a fast signal increase, the
transmission signal again decays exponentially. The mechanical composition of two
single cavities results in a higher Q-factor since the ratio of stored energy and losses
per oscillation cycle is enhanced by the air gap. Therefore, one can experimentally
observe the up-conversion signal longer than 25 ps. In the double-monolithic sample,
a smaller spectral mode distance results in a reduced beating frequency of 1.2 THz.
The oscillation maxima of the transmission are again shifted in time.
Figure 5.13 b shows a calculated curve for the up-conversion experiment of the
double-monolithic microcavity applying Eq. 5.4. The coupled microcavity is repre-
sented by two cavity modes with the following parameters: ~ω1 = 1525 meV (813.0 nm),
~ω2 = 1520 meV (815.7 nm), µ1 = µ2, and ~γ1 = ~γ2 = 0.11 meV. The laser is mod-
eled by ~Γ = 2 meV, ~ωL = 1522 meV (814.6 nm), and β= 20. Also for the double
microcavity, the model enables an accurate simulation of the spectral shape and the
intensity in time. Additionally, the beating and the laser chirp are reproducible. In
the experiment, the chirps increases with the delay time, which is not included in
the model. Therefore at short delays, the model does not fit the experimental chirp
accurately.
Figure 5.13: Measured (a) and calculated (b) up-conversion signal of a transmitted laser
pulse through a double-monolithic coupled microcavity. The transmission shows a beating
of 1.2 THz with a slight tilting of the maxima originating from a laser chirp.
In both experiments, the monolithic and the double monolithic coupled micro-
cavities generate a terahertz beating of the transmission signal in time. This beating
is a consequence of an internal oscillation of the electric field between the cavity lay-
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ers. A number of indicators support this assumption. Two cavity modes with equal
polarization contribute to the beating. A single laser pulse is exciting these two
modes, i.e. the electric field of both modes oscillates in the same position. Since the
two modes have different frequencies but equal polarization, the internal oscillation
in time results also in a spatial oscillation of light between the coupled cavity layers.
In accordance with the Q-factor, a certain amount of light escapes from the cavity
per round-trip and performs the exponential intensity decay. However, due to the
spatial oscillation, the light is concentrated in either cavity layer. Thus, light can
leave the cavity only by the outer mirror at the respective side of light concentration.
The excitation pulse of the laser with its temporal length below 1 ps is much
shorter than the cavity photon lifetime. Therefore, internally oscillating light cannot
interfere with incident light. As a consequence, the oscillating photons can leave the
cavity at both sides. Due to the spatial oscillation, the light emission at both sides
shows an intensity variation corresponding to the beating frequency. Additionally,
the signal from the opposite sides is out of phase.
In conclusion, the optical gating experiments at coupled microcavities indicate
the spatial oscillation of a photon wave packet in an optically confined structure. A
similar oscillation of electrons in periodic potentials is known as Bloch oscillation.
Therefore, the beating in coupled microcavities can be referred as the optical analo-
gon of the electronic Bloch oscillation. The experiments presented before are not a
direct observation of the internal spatial oscillation. Nevertheless, the signal beating
of a single transmitted laser pulse from a coupled microcavity with equally polarized
modes is a direct consequence of the photonic Bloch oscillation. This assumptions
are supported by transfer matrix calculations and FDTD modeling, which both allow
for a theoretical simulation of the periodic electric field variation.
5.5 Anisotropic microcavities
5.5.1 Film anisotropy and birefringence
In Section 4.1.4, the optical anisotropy caused by an oblique angle deposition of
thin films is discussed. Anisotropic optical films allow for an extension of thin film
applications due to a higher degree of freedom in the design of the layer refractive
index distribution [154] and thus the optical properties. Multilayer structures with
large birefringence have been demonstrated with polymers [154] and by glancing
angle deposition of dielectric materials [193]. With these techniques, refractive index
differences between the normal and in-plane direction of around 10 % and higher
have been achieved. In contrast to this results, the application of layer deposition at
smaller angles of incidence leads to a lower contrast of birefringence. The samples
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presented within this work are fabricated under deposition angles from 0◦ to 30◦. As
demonstrated for electron beam evaporated TiO2 films, the difference of the indices
of refraction is significantly below 10% [150].
Investigations of cleaved microcavities with scanning electron microscopy show
the columnar grain structure of the deposited films (Fig. 5.14). Both microcavity
materials TiO2 and SiO2 exhibit an anisotropic structure with no clear voids. In
the micrographs, the TiO2 layers appear brighter due to their higher conductiv-
ity. A relatively high substrate temperature prevents from the growth of clearly
separated columns. The formation of a comparably dense and stable substructure
agrees with the substrate temperature dependent model of the layer morphology
by Guenther [139]. For both materials, the substrate temperature is about 25%
of the corresponding melting point, which results in the growth of densely packed
columns. Therefore, the strength of a potential anisotropy is distinctly reduced in
comparison with pure columnar structures. Cracks penetrating through the com-
plete structure demonstrate the propagation of the anisotropy from layer to layer.
The carbon coated sample in Fig. 5.14 d shows a substructure especially visible in the
TiO2 layers. Grain sizes from approximately 50 - 150 nm are in coincidence with the
results for TiO2 nanocrystals created during the fabrication process as demonstrated
in Ref. [116,117,194].
The above microscopic analysis of microcavities grown by an oblique angle de-
position technique demonstrates the generation of anisotropic and therefore bire-
fringent films. Typically, in such devices the optical axes do not coincide with the
normal axis of the structure. This results in the particular property of a single
anisotropic microcavity, where two energetically different modes with perpendicular
polarization are observable. Whereas in isotropic structures s- and p-polarization
are treated independently, this is not allowed for anisotropic structures. Here, at the
interface an incident wave produces waves with different polarization. This leads to
a mode coupling within the microcavity and the energy is mutually converted be-
tween the two polarizations. For an exact calculation of the optical properties of
a layered anisotropic structure, the transfer matrix model has to be extended into
a 4× 4 matrix formulation. In this method the transfer matrix consists of s- and
p-polarization components simultaneously [10,195].
5.5.2 Polarization splitting and terahertz beating
Optically anisotropic microcavities exhibit two perpendicular axes with different
optical properties. Perpendicularly polarized light oscillating along these directions
are in resonance with the cavity for unequal energies. This polarization splitting
is a direct consequence of the refractive index variation and the identical resonator
5.5 Anisotropic microcavities 87
Figure 5.14: Scanning electron microscope graphs of cleaved microcavity. Bright layers are
TiO2 and dark films consist of SiO2. The graphs (a) and (c) exhibit the columnar grains in
the total structure. Selected areas with larger magnification show the anisotropic density
in both materials (b, d) . The samples in Fig. c and d are coated with a 3 - 10 nm carbon
film to enhance the conductivity. Instrument: SEM Gemini 1530 (Zeiss), U = 2 - 5 kV, Is
= 60 pA
thickness for both planes. The magnitude of birefringence depends on the columnar
angle of the internal layer structure and is therefore variable by changing the angle
of deposition.
Figure 5.15 a presents the transmission spectra of an anisotropic single microcav-
ity grown by oblique angle deposition. The passive structure exhibits two modes at
782 nm and 779.5 nm with perpendicular polarization. The linewidth of about ∆λ =
0.6 nm results in a quality factor of Q = 1300. The spectral distance corresponds to
a difference in frequency of 1.25 THz. Simulations by a 2× 2 transfer matrix model,
where the polarizations for simplicity are treated independently, imply a refractive
index difference of the order of 10−3 between the two resonances (Fig. 5.15 b). In this
model, a set of dispersion free optical constants is chosen. The ordinary mode at
782.0 nm is modeled with a refractive index no,SiO2 = 1.45 and the imaginary index
of refraction ko,SiO2 = 2×10−6 for SiO2. As the high refractive index layer, the opti-
cal constants for TiO2 are assumed as no,TiO2 = 2.17 and ko,TiO2 = 1×10−4. These
optical constants coincide with the values from the ellipsometric measurements of
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Figure 5.15: (a) Polarization dependent transmission of a passive microcavity. The struc-
ture design is (T S)8 T 2S T (S T)8 with a design wavelength of 781 nm. (b) Results
of transfer matrix calculations for two different sets of refractive indices. The refractive
index of the blue shifted mode is reduced by 0.33 % with respect to the low energy mode.
dielectric films evaporated at right angle. The whole stack consists of λ/4-layers
at the design wavelength of 782.0 nm and is grown on a 4 mm thick glass substrate
(nSub = 1.52). The extraordinary blue shifted mode at 779.5 nm is modeled with
the same physical layer thicknesses but reduced refractive indices. It is assumed
that the refractive indices for both dielectric materials decrease with the same fac-
tor. An optimal value of the reduction factor is determined as 0.99675, resulting in
ne,SiO2 = 1.445 and ne,TiO2 = 2.163. The calculated transmission intensities and
phase shifts of the ordinary and extraordinary modes are shown in Fig. 5.15 b.
Transmitting coherent light through an anisotropic cavity implicates a number
of interesting effects, which are discussed in the following. The transmitted light
consists of two modes with their corresponding energies E1 and E2. By the coherence
of the light both modes are phase related and develop a beating with the frequency
fb = |E1−E2|/h with h as Planck’s constant. Since the energetic difference between
both modes is relatively small, the wave train can be assumed as constantly coupled
for several neighboring oscillations (Fig. 5.16 a-c). At a certain position of the train,
maxima and minima of the two modes coincide and the resulting polarization is
linear. Afterwards, this polarization becomes elliptical and a quarter beating period
later the resulting mode is circularly polarized. In one complete beating period the
resulting polarization vector changes between linear, elliptical and circular oscillation
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Figure 5.16: Effective polarization following transmission through an anisotropic micro-
cavity. At the time 0, the perpendicularly polarized transmission modes (red, blue) are in
phase and the resulting E-field (gray) is linearly polarized (a). An eighth (b) and a quar-
ter (b) beating period later the light is elliptically and circularly polarized, respectively.
During one beating period the resulting polarization is particulary linearly, elliptically and
circularly polarized (d).
(Fig. 5.16 d). By selecting a certain polarization plane with a polarizer, a beating of
the two cavity modes becomes observable.
The dynamics of the transmission through the anisotropic microcavity is experi-
mentally studied with the up-conversion technique (Sec. 4.2.2). The pump light from
the laser source is polarized with 45◦ in order to have electric field components in
the polarizations of the two cavity modes. Energetically, the femtosecond pulse of
the laser system is covering both modes. The transmission is focussed on a BBO
crystal and up-converted with the time delayed gate pulse. Since the up-conversion
process is also polarization dependent, the rotation of the pump or gate beam by a
λ/2-plate allows for the selection of one or two modes of the cavity transmission for
the investigation. Figure 5.17 demonstrates the spectrally resolved transmission of
a femtosecond laser pulse recorded by the up-conversion method.
Due to the frequency-doubling mechanism, the cavity mode position is shifted
from around 780 nm to 390 nm wavelength. The signal of the single mode experi-
ment at 0◦ polarization shows two distinct spectral features with different temporal
behavior. The dominating part with the highest intensity is the up-conversion signal
of the light transmitted by the cavity mode. This particular signal, which shows a
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Figure 5.17: Experimental up-conversion results of an anisotropic single microcavity for
one (a) and two (b) contributing modes. The beating frequency for two modes is 1.25 THz.
Gaussian spectral behavior, decays exponentially as expected from the theoretical
predictions in Sec. 5.3. The exponential decay is well explained by the resonator
properties with its light accumulation and subsequent statistical emission of pho-
tons. Mathematically it is modeled by the Fourier transform of the Lorentzian line
shape. Such a typical resonator transmission decay allows the determination of the
cavity photon lifetime. The slope of the central part of the signal yields a decay time
τp of 0.65 ps in an exponential fit. The cavity photon lifetime is directly proportional
to the quality factor by Q = 2πcτp/λ resulting in Q = 1600. This result agrees with
the linear transmission measurements (Q = 1300).
The second contributing part of the up-conversion signal is orders of magni-
tudes weaker, much broader, and has a mainly Lorentzian spectral contribution.
This signal originates from off-resonantly transmitted laser light. Thus, it is weakly
influenced in time by the resonator properties of the microcavity and strongly sup-
pressed in intensity by the high DBR reflectivities. The temporal decay is dominated
by the laser pulse itself. As a result, a Gaussian intensity decrease in time of the
off-resonantly transmitted light is observed.
A selective rotation of the laser polarization enables the investigation of the sum
signal of the two perpendicularly polarized modes (Fig. 5.17 b). The up-conversion
signal shows the same spectral and temporal features as the single mode with an
additional intensity modulation. This oscillation frequency of 1.25 THz corresponds
exactly to the frequency difference between the two cavity modes. The beating is also
observable in the wings of the spectrum having a Gaussian decay. The slight beating
frequency deviation between the transmission and up-conversion experiments results
from the different setup for the linear and non-linear experiments, where different
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sample spots were investigated. Due to sample inhomogeneities, the cavity mode
wavelength and the spectral separation vary over a certain range.
The up-conversion transmission experiment is explained by a similar analytical
approach as used for the coupled microcavities in Sec. 5.4. The formula has been
simplified by the assumption of a transmitted temporal δ-pulse with infinite spectral
width. However, the delayed gate pulse is still assumed to be of Gaussian shape in
frequency and time domain. It is defined by the central laser frequency ωL and the
spectral width Γ and delayed by the time τ . A Lorentzian is modeling the optical
properties of the two cavity modes with their amplitudes µj, widths γj, and their
central frequencies ωj. To obtain the detected up-conversion signal |U(ω, τ)|2, the
following formula for the amplitude is applied:
U(ω, τ) ∝
2∑
j=1
µj Erfc
[
i
ωj+ωL−ω√
2ΓL
− ΓL√
2
(
τ − γj
Γ2L
)]
×
exp
{
− [ω−(ωj+ωL)]2
2Γ2L
+ i[ω − (ωj + ωL)]
[
τ − γj
Γ2L
]
+ [iωL − γj]τ
}
. (5.5)
The results of calculations with this model are presented in Fig. 5.18. An opti-
mized set of parameters is chosen to fit the experimental results of Fig. 5.17. This
values deviate from the results of the linear measurement since, as described above,
sample inhomogeneities prevent from an exact reproduction in the time-resolved
experiment. In the model, the cavity modes at ~ω1 = 1596.2 meV (776.8 nm) and
~ω2 = 1590.9 meV (779.4 nm) are excited by the laser with a central wavelength of
~ωL = 1584.9 meV (782.3 nm) and a width of ~Γ = 12.8 meV (6.3 nm). From the
spectral distance of the two cavity modes, a beating period of 0.80 ps (1.25 THz)
results. The Lorentzians of the two cavity modes are modeled with the same ampli-
tudes (µ1 = µ2) and widths of ~γ1 = ~γ2 = 0.48 meV (0.23 nm) .
Both the simulations of the single and two mode sum frequency signal reproduce
the main features of the experiment. The signal at the resonance has in both cases
a Gaussian spectral shape and is decaying exponentially. Additionally, the beating
of the up-conversion signal in the two mode experiment can be simulated. Only in
the off-resonant spectral range the simulation deviates from the experiment. Mainly,
this is caused by the δ-pulse shape of the transmitted pulse in the calculation, which
is spectrally broader and temporally shorter than the laser pulse in the experiment.
In summary, a new method for the generation of terahertz beating has been
demonstrated. The nature of this beating differs significantly from coupled mi-
crocavities, where a spatial oscillation is the origin of the transmission intensity
variation. In anisotropic cavities, the birefringence of the optical thin films creates
two perpendicularly polarized modes with different resonance frequencies. By the
application of a polarizer, these modes can be mixed and a beating can be detected,
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Figure 5.18: Modeling of the up-conversion experiment presented in Fig 5.17 for one (a)
and two (b) contributing modes. Parameters are chosen to fit the experimental data.
if the used light source is emitting coherent light. The main advantage of such a
structure is the requirement of only a single cavity layer, which simplifies the fabri-
cation process drastically. With the implementation of a position dependent change
of the columnar angle in the layers, the splitting of the two modes can be varied.
In fact, such a gradient is already produced by the current fabrication method. It
allows a tuning of the terahertz beating frequency by a simple lateral shift of the
microcavity in the up-conversion setup. This concept enables a continuous variation
of the beating frequency from 0 to 2 THz and higher, which could be of interest for
future applications in terahertz generation by photomixing.
The combination of anisotropic films and coupled microcavities would addition-
ally increase the number of cavity modes. This is of great interest, if the beat-
ing signal should consist of short pulses. In standard solid state lasers, 103-104
modes oscillate and generate fs-pulses in the mode-locking regime [22]. In a cou-
pled anisotropic microcavity with two resonator layers, the four cavity modes can be
used to create pulses with length of about 100 fs, if the amplitudes and the spectral
distances are well aligned.
In the next Chapter on active microcavities, it will be demonstrated that aniso-
tropic mirrors can lead to a mode splitting even in presence of an isotropic cavity
layer. In an organic VCSEL, the polarization splitting is applied for the generation
of two laser modes and a terahertz beating in stimulated emission is shown.
6 Active Microcavities
This Chapter discusses the influence of a strong one-dimensional optical con-
finement on the light emission from organic molecules. In the first part, the emis-
sion mode structure in planar cavities is studied. A Section on microcavities in
the strong-coupling regime - a collaboration with the group of David Lidzey from
Sheffield University - follows. In the last Section, the stimulated emission in high-Q
organic microcavities is investigated. Two laser modes are generated by an opti-
cal anisotropy in the DBRs, which show a mode-coupling applicable for a terahertz
beating in a photomixing experiment. The results of the last Section are based on
up-conversion experiments of Marco Koschorreck (single mode emission) [56] and
Marko Swoboda (coupled mode emission) [187]. The rate equation set for the laser
modeling is also developed by M.K.
6.1 Emission mode structure and leaky modes
In active microcavities, the light source is positioned within the resonator and there-
fore directly influenced by the internal electric field (see Sec. 3.3). The emission rate
is thereby influenced by the electric field strength and the corresponding wave vector.
Optical microcavities enhance and suppress the internal electric field in dependence
on the resonance wavelengths. At resonance, the spontaneous emission rate of one
molecule can be enhanced by orders of magnitude. At the same time, it will be
suppressed for off-resonant frequencies and propagation angles.
Figure 6.1 depicts transmission and emission spectra of a microcavity containing
the host-guest system Alq3:DCM with a cavity mode at 650 nm. The transmission
spectrum shows a number of modes which indicates that the structure is differ-
ent from an ideal structure with λ/4-layers in the DBRs. Therefore, transmission
and reflection spectra of this device are used for a fitting of the individual layer
thicknesses. The calculation of the final fitted structure overlaps very well with the
experiment. The parameters of the two mirrors are applied in the following for the
calculation of the spontaneous emission of the organic film. This analysis is based on
the plane wave expansion algorithm presented in Sec. 3.3. In the experimental spec-
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Figure 6.1: Transmission and photoluminescence spectra of a microcavity with an active
cavity layer of Alq3:DCM. The structure design is (T S)8 T 2A T (S T)8 at a design
wavelength of 650 nm. (a) The transmission measurement is compared to calculation of
a structure with fitted layer thicknesses. (b) Simulation and measurement of the sponta-
neous emission coincide in mode position and intensity. At the resonance frequency, the
photoluminescence exceeds the bulk emission without cavity by a factor of 100.
trum of the cavity emission, an enhancement of about 100 times at the resonance
frequency is observable in comparison with an equal film without cavity (Fig. 6.1 b).
Off-resonantly, the photoluminescence is inhibited by approximately the same fac-
tor. The simulation even provides a stronger suppression, which is not detectable
due to the finite noise of the CCD detector. In the best case, the detector dark
current limits the experimentally accessible dynamic range to four orders of magni-
tude. However, the simulation demonstrates an intensity variation over more than
six orders of magnitude. At 740 nm, an additional mode shows an enhanced emis-
sion, which is less pronounced. This is mainly caused by a lower quality factor of
the mode and thus a weaker electric field amplification. It is the first mode outside
the stop-band and a so-called DBR mode. The electric field of such a side mode is
mainly concentrated in the DBR layers with higher field intensities in the mirrors
than in the cavity layer. The deviation of the mode position in experiment and
model is caused by the different sample positions in the transmission experiment,
which was applied for the structure fit, and the photoluminescence measurement.
Nevertheless, the model reproduces the emission linewidth and intensity.
A typical property for the emission in planar structures is the presence of internal
modes and the limited light emission into the ambience. As discussed in Sec. 3.3.2,
one can divide the light emission in a microcavity in three different classes of modes
(Fig. 6.2). The light detectable outside the device is the Fabry-Perot mode, which
6.1 Emission mode structure and leaky modes 95
l e a k y  m o d e
c r i t i c a l
a n g l e
g u i d e d  m o d e
F a b r y - P e r o t
e n h a n c e d  m o d e
D B R
a c t i v e  l a y e r
D B R
i m m e r s i o n  o i l
n  =  1 . 5 1
Figure 6.2: Experimental configuration for the detection of leaky mode emission. Leaky
modes are propagating with angles larger than the critical angle (∼ 35◦ for Alq3) through
the DBR. The total reflection of the leaky modes is overcome by the attachment of a glass
prism.
is usually amplified as discussed before. Another class is trapped within the active
region and a result of a waveguide structure. This is caused by layers with lower
refractive indices surrounding the emissive material. Without a structuring of the
active region, it is impossible to couple this light out so that guided modes are a
loss channel for the external efficiency. The third group of modes is normally also
lost, but propagates to the ambient boundary. Due to total internal reflection, this
light becomes evanescent at the surface. By attaching a prism to this surface, the
light can propagate further and is detectable. These modes are the leaky modes,
which penetrate the DBRs at larger propagation angles outside the mirror stop-
band. They are the result of the limited stop-band width of real structures, which
in turn is based on the limited refractive index contrast of the dielectric materials.
The largest internal angle for the propagation of Fabry-Perot modes is the critical
angle which is given by Snell’s law with θcrit = arcsin(n0/n). This angle becomes
larger with smaller ratio between the refractive of the ambient medium n0 and the
refractive index of the emission layer n is. Excluding any cavity effects concerning a
change of the emission rate, the critical angle defines also the outcoupling efficiency
η of a planar structure by η ∼ 1/2n2 [75]. For an organic film with n = 1.7, the
critical angle of θcrit = 36
◦ only allows an extraction efficiency of 17%.
By varying the surface angle, light propagating in leaky modes can be outcoupled.
Figure 6.2 demonstrates the technique applied for this purpose. Here, a glass prism is
attached to the planar substrate surface using an immersion oil to enable an optical
contact. With a refractive index of noil = 1.51, the leaky modes are only weakly
influenced at the substrate-oil-prism boundary and can penetrate into the prism.
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At the prism-air interface, the angle of incidence is different in comparison to the
substrate-air surface and the former leaky modes couple to the ambient medium.
Figure 6.3: Light emission of Alq3 in a planar microcavity with the design (T S)10 T
2A T (S T)5 at 550 nm. Comparison of experimental (a) leaky mode emission and plane
wave expansion calculation (b). The enhanced emission in p-polarization is a result of the
Brewster-type polarization filtering at around 50◦.
The leaky mode structure of an active microcavity with an organic layer of Alq3
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is studied in a fluorescence spectrometer (Fig. 6.3 a). Due to experimental limita-
tions, only the angular range between 26◦ and 62◦ is detectable. This configuration
therefore prevents a direct comparison of the light intensity emitted by the microcav-
ity into directly outcoupled modes and the amount of light radiated into the leaky
modes. The experiment is performed for both polarizations separately. A stronger
intensity of p-polarized emission is the result of the disappearance of the stop-band
at internal angles between 40◦ and 60◦. This effect is related to the Brewster angle
of θBrewster = arctan(n2/n1) with n1 as the refractive index of the incident medium,
here Alq3, and n2 as the index of refraction of the ambient medium, here glass. With
n1 = nAlq3 = 1.7 and n2 = nglass = 1.5, the Brewster angle becomes approximately
50◦. In the experiment, the mode structure vanishes and the emission resembles the
bulk photoluminescence of Alq3 with a maximum at 530 nm. In s-polarization, the
stop-band influences the luminescence in the complete measured angular range and
the internal mode structure is also visible for all investigated angles.
The data of the leaky mode experiment are compared to a simulation presented
in Fig. 6.3 b. The applied algorithm is also based on the plane wave expansion algo-
rithm. Before calculating, transmission and reflection spectra are fitted relating the
individual thicknesses of the cavity layers. These values are used for the simulation
of the DBRs optical properties. At the emission side, the structure is assumed to
be embedded in a semi-infinite ambience of glass (nglass = 1.5), which resembles
the glass prism. On the reverse side, the semi-infinite medium is air (nair = 1). In
s-polarization, the model depicts all modes from the experiment. For the perpen-
dicular polarization, the calculation also shows the measured modes but exhibits
additionally a mode structure in the area of high emission intensities around 50◦.
At the angles of 35◦ and 65◦, the simulation yields some steps in the intensity.
These are the angles of total internal reflection. The former one is the angle for the
boundary to the air and the later the critical angle between Alq3 and SiO2. Both
angles therefore mark the ranges of the three different mode types. Up to 35◦, one
observes the Fabry-Perot enhanced modes, which emit into air. From 35◦ to 65◦, the
leaky modes propagate within the structure and for all larger angles the emission is
guided within the active layer of Alq3. Since the critical angles are dependent on
the materials refractive indices, they exhibit also a dispersion and decrease slightly
with decreasing wavelength.
6.2 Emission in the strong-coupling regime
The results of the following Section are developed in close collaboration with Liam
Connolly, Jakub Wenus, and David Lidzey from the University of Sheffield. Within
the European Union financed HYTEC network, our two groups investigated the
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optical properties of J-aggregates in microcavities. The J-aggregates and a part of
the microcavities are provided by the Sheffield group. The double-DBR microcavities
and the optical investigations presented here were done in Dresden.
6.2.1 Metal-DBR structures
During the last decade, a number of experiments have demonstrated the strong-
coupling in microcavities containing organic semiconductors as active material (see
Sec. 3.2). Six years after the first demonstration of photon-exciton-coupling in inor-
ganic structures [5], hybridization was also achieved in organic devices containing a
porphyrin dye [61]. The large oscillator strength of these organic molecules not only
allows for a strong optical coupling at room temperature, but also provides a large
Rabi splitting in low-Q cavities. Another class of materials that combines the con-
straint of a narrow absorption line with a large oscillator strength are J-aggregates
or Scheibe-aggregates [196]. Exceeding a certain concentration in a liquid solution,
e.g. cyanine dyes arrange in chains with head-to-tail alignment. The resulting de-
localized exciton state creates the typical single, narrow and intense absorption and
emission line as depicted in Fig. 6.4 for a cyanine dye solution in polyvinyl alcohol
(PVA). Here, the spectra are dominated by a narrow line in emission and absorp-
tion at about 1.85 eV with a very small Stokes shift. Although the peak absorption
provided by the J-aggregates is dominating the spectrum, a noticeable absorption
intensity at higher energies is related to single cyanine molecules in the solution.
These dye among other cyanines has been successfully applied for strongly coupled
microcavities [62,63,71,197–201].
The samples provided by the Sheffield group consist of a bottom DBR formed
by 9 pairs of silicon dioxide (nSiO2 = 1.45) and silicon nitride (nSi3N4 = 1.95) with a
120 nm layer spin-coated cyanine dye dissolved in a PVA matrix atop. Finally, the
sample is coated by a 300 nm silver mirror. In this configuration, the microcavity
provides a quality factor of Q = 35. The organic layer thickness is aligned to give a
cavity mode position at a normal angle of incidence 150 meV below the J-aggregate
exciton. This enables a strong-coupling at angles of 35◦.
In a first experiment, the microcavities are optically excited by the 442 nm line
of a 30 mW cw HeCd laser from the substrate side. The angle dependent emission is
recorded in the Fluoromax fluorescence spectrometer from the same side separately
for s- and p-polarization (Fig. 6.5). A number of different modes is visable in this
experiment. At high energies, the emission is dominated by the modes transmitted
through the DBR outside the stop-band. Observing at a normal angle of incidence,
these modes range from 450 nm to 650 nm. The J-aggregate emission line is detected
at 670 nm and does not shift with the angle of incidence. Cavity mode normal
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Figure 6.4: Relative absorption and photoluminescence intensity of the cyanine dye dis-
solved in a PVA matrix as applied for strong-coupling in a microcavity. The chemical
structure of the dye is shown as a inset. Adapted from [198].
emission is visible at 725 nm and a low energy DBR mode can be seen at 850 nm.
Except the J-aggregate emission line, all modes show the typical angle dependent
line shift with a stronger shift for the high energy DBR modes in s-polarization and
a larger shift of the low energy modes in p-polarization. Both different shifts result
in a reduced stop-band width in p-polarization in comparison to the emission of
s-polarized light.
A energetically broad emission as observed here with a rather high intensity from
450 nm to 850 nm cannot be expected from the spectra of the isolated film (Fig. 6.4).
It is assumed that a longer storage time of the sample leads to a reorganization of the
cyanine molecules with an increasing number of single molecules. Single molecules
provide a naturally broader linewidth than J-aggregates [196]. An additionally en-
hanced photoluminescence quantum yield of the solid solution of single molecules
may also contribute to the high intensity of the cavity and DBR modes.
The emission of the J-aggregate even at frequencies which do not coincide with
the cavity mode is probably caused by scattering at sample inhomogeneities and
the non-zero transmission of the DBR. At around 35◦, the cavity mode crosses the
J-aggregate exciton line, which leads to the strong-coupling observable in both po-
larizations. Although they are not identical, the small Stokes shift and the limited
spectral resolution prevent from a distinction of J-aggregate emission from the ab-
sorption. In both polarizations, the emission in the lower polariton branch (LPB)
exceeds the luminescence into the upper polariton branch (UPB). This results from
the fast relaxation processes, which lead to a depletion of the upper mode. Former
experiments have shown an active Raman mode in this cyanine dye [198,202]. With
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an energy of 73.4 meV, this Raman mode provides a transition channel between the
two branches by emitting a phonon. The width of the polariton branches and the
Rabi splitting in the same order support this assumption.
Figure 6.5: Experimentally measured photoluminescence intensity (a) and transmission
calculation (b) of an organic microcavity for s- and p-polarization and varying angle of
observation. The transmission was calculated using a transfer-matrix model with a Lorentz
oscillator medium between the silver mirror and the DBR. The parameters of the Lorentz
oscillator are: ε∞ = 2.37, Ecenter = 1.85 eV , A = 0.08 eV , ν = 0.025 eV .
Based on the absorption measurements depicted in Fig. 6.4, the dispersion of the
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dielectric constant ε of the cyanine is modeled by the following Lorentz equation:
ε(E) = ε∞
(
1 +
A2
E2center − E + iEν
)
. (6.1)
Here, ε∞ represents the high frequency dielectric constant, Ecenter the center energy
of the oscillator and ν the vibrational energy width. With these J-aggregate param-
eters and the optical constants of the mirror materials, the transmission spectra are
calculated, where the J-aggregate layer thickness was optimized to fit the experi-
mental results. Finally, the transmission spectrum exhibits the mode structure as
observed in the photoluminescence measurement. Cavity and DBR mode positions
and stop-band width are reproduced successfully.
6.2.2 Double-DBR structures
A high reflectivity and low losses are the main advantages of DBRs. Among other
physical effects, double-DBR microcavities allow the investigation in transmission,
which makes them preferable candidates for laser experiments on ultrashort timescales.
As we have seen in the fundamentals Chapter, high mirror reflectivities are a neces-
sary condition for a high quality microcavity. Nevertheless, our first strong-coupling
experiments with organic samples are performed with organic films coated on a DBR
and covered by a metal mirror. This method is preferred due to the lower thermal
stress introduced by the fast deposition of a metal film with relatively low evapo-
ration temperature. In organic microcavities, the high oscillator strength allows for
the polariton generation in devices with two metal mirrors and Q-factors as low as
10 [71]. In microcavities with low mirror losses, the polariton lifetime, which is ap-
proximately twice the photon lifetime, is significantly increased leading to a higher
polariton population density. Such macroscopic densities may allow for a observa-
tion of stimulated polariton scattering at room temperature as already documented
for inorganic structures [203, 204]. Organic microcavities have been demonstrated
with porphyrin dyes and deposited DBR [64] and in laminated structures with J-
aggregates [67, 68]. Q-factors ranging from 110 for the laminated structures up to
625 for the deposited devices have been achieved by these techniques.
Our goal is the fabrication of organic microcavities with deposited DBRs on the
bottom and top side. In a first step, the application of a spin-coated gelatine film
as the cavity layer is evaluated. It is important to investigate the possibility, if a
gelatine film is able to form the resonator layer of a high-Q cavity, since it is the
matrix material for the applied J-aggregates. Figure 6.6 presents the transmission
spectra of a microcavity containing a cavity layer of gelatine (nG = 1.52). The
DBRs are designed for a wavelength of 600 nm and a cavity mode occurs at 675 nm.
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A compound of 10.5 pairs of TiO2 and SiO2 guarantees for a maximum reflectivity
significantly above 99%. Although noticeably off-resonant, the cavity mode exhibits
a Q-factor of 650, thus forming a high-Q organic microcavity. In the measured po-
larization dependent transmission spectrum, a polarization splitting occurs (Fig. 6.6
inset). As already discussed in the experimental Chapter of the passive microcav-
ities, this effect is attributed to the anisotropy of the evaporated SiO2 and TiO2
films (see Sec. 5.5). The prominent feature in this sample is the gelatine layer, which
can be assumed as structurally and optically isotropic. From this follows that the
polarization splitting is caused by the anisotropic mirrors only, a fact that is not
obvious but supported by transfer matrix calculations.
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Figure 6.6: Transmission of a microcavity containing a spin-coated gelatine layer as cavity
layer. The design is (T S)10 T 2.9G T (S T)10 for a design wavelength of 600 nm. From
the linewidth of the cavity mode at 675 nm a Q-factor of 650 is calculated. Polarization
dependent transmission at normal angle of incidence exhibit a polarization splitting (inset).
For the fabrication of strongly-coupled organic microcavities, the two cyanine
dyes H2 and H4 [68] are provided by the Sheffield group. In a first experiment,
the stability of both dyes against the electron beam evaporation of SiO2 and TiO2
is proved. Because of their structural and spectral similarity, only the dye H21 is
chosen for further investigations (Fig. 6.7 a). Dissolved in a gelatine matrix, the H2
molecules arrange in J-aggregates forming a narrow absorption line at 635 nm. A
very small Stokes shift of 15 meV results in a photoluminescence peak at 640 nm.
The optical constants of the H2-gelatine compound are fitted by a Lorentz oscillator
1(5-chloro-2-[3-[5-chloro-3(3-sulfopropyl)-2(3H)-benzothiazolylidene]-2-methyl-1-propenyl]-3-
(3-sulfopropyl)-benzothiazolium hydroxide)
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using the data from the transmission measurement of a single film with known
thickness. The fitting results are depicted in Fig. 6.7 b. They are the basis for the
transfer matrix modeling of the strongly-coupled H2 microcavities.
Figure 6.7: Chemical structure of the cyanine dye H2 that forms J-aggregates when
dissolved in gelatine (a). Absorption and photoluminescence of the J-aggregates of the
cyanine dye H2 dissolved in a gelatine matrix with a layer thickness of 230 nm (b). H2
chemical structure as inset. A Lorentz oscillator is applied for the modeling of the optical
constants of the H2-gelatine compound (c). The Lorentz parameters are: ε∞ = 2.31,
Ecenter = 1.95 eV , A = 0.15 eV , ν = 0.04 eV .
Transfer matrix calculations demonstrate a strong influence of the DBR pair
number on the transmission intensity of the two polariton branches. With increasing
layer number, the maximum transmission drops from around 50% for 2.5 pairs per
DBR to 10−3 for 10.5 pairs per DBR. As a compromise between high Q-factor and
reasonable transmission intensity, a pair number of 5.5 is chosen for the double-DBR
microcavities with H2.
In linear transmission experiments, a sample containing H2 with a λ/2-layer
thickness at the right design wavelength exhibits an anticrossing of the cavity mode
and the exciton absorption. Strong-coupling can be observed at 45◦ angle of inci-
dence with a Rabi-splitting energy of 110 meV (Fig. 6.8). Transfer matrix calcula-
tions with the parameters of the Lorentz fit of H2 (Fig. 6.7) support the measured
peak positions of the two polariton branches. The peak intensities, especially of
the lower polariton branch at small angles of incidence, cannot be described by our
model. Losses due to scattering at sample inhomogeneities and absorption in the
cavity layer may contribute to this effect.
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Figure 6.8: (a) Measured angle dependent transmission of a microcavity containing the
J-aggregate H2 (linear scale). (b) The experimental peak positions (blue) of the two
polariton branches coincide with the transfer matrix model. Strong-coupling occurs at an
incident angle of 45◦ with a Rabi splitting of 110 meV. Exciton and cavity mode position
of an unaffected cavity are shown for comparison (red).
Photoluminescence measurements are performed by exciting the samples with
the unfocussed, continuous wave, p-polarized 532 nm emission of a Nd:YAG laser at
an output power of approximately 100 mW. Before every single measurement, the
sample is shifted by a few microns to avoid an influence of the fast degradation of
the organic molecules on the following exposures. Figure 6.9 presents the emission
of an uncovered H2 film and a microcavity filled with the J-aggregate. For the cav-
ity, the excitation wavelength is far above resonance and can penetrate the DBRs
at minimal tuning angles outside their stop-band. In the plot, one can see that
emission is totally suppressed in the UPB. The highest intensity is detected in the
LPB in the angular range from 40◦ to 20◦. At lower energies and smaller tuning
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angles, the luminescence is decreasing remarkably. A small fraction of emission is
scattered within the cavity and is not coupled into the cavity modes. This emis-
sion with a constant peak wavelength of 640 nm coincides with the pure H2 film
photoluminescence. Its intensity distribution overlaps with the angular range of the
polariton emission. An enhancement of the emission into the LPB has been observed
in organic microcavities before [68,71,198,200,202]. The explanation of this effect is
based on the emission of a phonon, which enables the interbranch energy transfer.
In Ref. [202], a Raman active mode of 74 meV is reported for another J-aggregate.
This may explain the UPB depletion in a cavity with a Rabi-splitting of the same
order [198]. Spectral Raman analysis of H2 has not been performed so far. Thus
the polariton relaxation and the interbranch energy transfer is not confirmed for
this material in a microcavity. A possible phonon in H2 would have an energy of
the order of the Rabi-splitting of 110 meV. The large difference in UPB and LPB
photoluminescence is supported by the high Q-factor due to the two DBRs. Explicit
calculations of transfer rates in a low-Q microcavity (Q = 90) in [198] result in a
photon lifetime exceeding the polariton transfer time by a factor of 2. Our struc-
ture is assumed to have an even higher Q-factor, which would increase this factor.
In conclusion, this may explain the efficient energy transfer between the polariton
branches and pure LPB emission.
Figure 6.9: Angle dependent photoluminescence of a microcavity with an active cavity
layer of the J-aggregate H2. The sample is excited by p-polarized 532 nm laser light (cw)
and detected in s-polarization. Strong emission is only visible in the LPB with a maximum
at 30◦. An emission spectrum of an uncoated H2 film is included for comparison. At angles
from 0◦ to 30◦ scattered light of H2 molecules contributes to the spectrum with a signal
at 640 nm.
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6.3 Organic VCSEL
6.3.1 Sample structure and linear transmission
The results presented in this Section are based on one fabrication series of high-Q
organic microcavities. Here, two DBRs made by reactive electron-beam evaporation
of SiO2 and TiO2 guarantee for a high reflection within the cavity with a maximum
reflectance Rmax > 99.6% of each single mirror. To obtain equal reflectance from
both sides, the bottom mirror at the substrate side and the top mirror at the air
interface consist of 10.5 and 9.5 layer pairs respectively (Fig. 6.10 a). The DBR de-
sign wavelength is with 690 nm slightly above the optimum that is given by the gain
maximum of DCM at 615 nm [185]. Accounting for this deviation, the organic film
of Alq3 doped with 2% DCM is evaporated with a thickness of 670 nm. With an
assumed refractive index of the compound of nAlq3:DCM = nAlq3 = 1.72, the optical
thickness reads 3.7λ/2 for the wavelength λ = 625 nm. This odd-numbered opti-
cal thickness results in the generation of two modes in the DBR stop-band, one at
about 625 nm and another at circa 710 nm (Fig. 6.10 b). The higher energy mode is
applied for lasing as it overlaps with the DCM gain after strong optical pumping. A
comparison with a transfer matrix calculation exhibits the presence of two spectrally
separated cavity modes and strong transmission suppression within the stop-band
that is hidden by the noise of the detector. The deviations between model and ex-
periment in mode positions and intensities are mainly due to thickness variations
in the DBRs from the ideal quarter wave optical thickness. In linear transmission
experiments with a halogen lamp, the laser mode possesses a Q-factor of approxi-
mately 780. By applying the collimated white light laser beam from the amplifier
system, the measured Q-factor increases up to 4500 in an extrapolation of the data
to a zero spot size [190].
6.3.2 Threshold and emission characteristic
The organic dye composite of Alq3 doped with 2% DCM is a small molecule solid
state laser systems with one of the lowest lasing threshold. Nevertheless, very high
optical excitation densities are necessary to achieve a gain that overcomes the losses
in the system. This requires a pulsed light source with high pulse energy, short
pulse length, and a low repetition rate to limit the molecular degradation on a
short timescale. For this purpose, we use an amplifier laser system, which generates
200 fs long pulses at 400 nm with a repetition rate of 1 kHz (Sec. 4.2.2). Here, the
laser wavelength is located at a maximum of the Alq3 absorption and transmitted
through the DBR. It uses the advantage of the DBR dispersion, which provides a
stop-band of very high reflectance around the design wavelength and broad bands
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Figure 6.10: (a) Two TiO2/SiO2 DBRs surround the organic laser dye composite to
form a high-Q organic VCSEL. (b) In transmission two modes appear in the stop-band,
where the mode at the shorter wavelengths of around 625 nm is the laser mode. The
spectra of two different samples produced in the same cycle show a mode shift due to
thickness variations (blue and red). The measurements are compared to a transfer matrix
calculation of a structure with a DBR design wavelength of 690 nm and an organic layer
thickness of 670 nm (grey).
with high transmission at off-resonant wavelengths. Within the organic layer, the
pump laser spot size is around 50µm. The comparison of the incident intensity with
the transmission and reflectance yields an energy storage in the microcavity of 90%.
From these two values, we calculate the pump pulse excitation densities.
Figure 6.11 shows the input-output characteristics of the organic laser. At low
excitation intensities, the microcavity emission increases linearly with the pump
power. At a certain level, this linear behavior is superseded by an exponential output
increase, which again goes into a linear regime at high excitation densities. The start
of the emission outburst marks the threshold of the laser and thus the excitation
level, where the gain in the organic material overcomes the losses within the complete
structure. In the low excitation regime, the output is dominated by spontaneously
emitted photons. In this mode, we observe a spectral linewidth of about 0.3 nm,
which corresponds to a Q-factor of the microcavity of Q = 2100 (Fig. 6.12). The
exact Q determination is limited by the wedge shape of the microcavity and the
pump laser spot size of 50µm. Both parameters in connection result in a broadening
of the zero spot size diameter. A maximum Q-factor of Q = 4500 is approximated
by a variation of the spot size and a subsequent extrapolation of the data. This
enables the calculation of the cavity photon lifetime τcav by Q = 2πcτcav/λ with the
emission wavelength λ as τcav = 1.5 ps.
When increasing the pump power above the lasing threshold, a narrowing of
the emission line is observed (Fig. 6.12). In spontaneous emission, all molecules
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Figure 6.11: Organic VCSEL peak intensities as a function of the pump pulse power and
density. The measurement (circles) is compared to rate equation model (line). From this
plot, the laser threshold is determined as 0.4 nJ and 20µJ/cm2, respectively.
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Figure 6.12: Linewidth of the microcavity below and above lasing threshold. Values
above the lasing threshold are limited by the spectrometer resolution of 0.025 nm.
6.3 Organic VCSEL 109
emit photons with arbitrary phase at the resonant mode. Position and linewidth
are defined by the cavity only. After switching to the laser regime, most photons
are emitted by a stimulation from photons that already oscillate in the laser mode.
The amplification following is limited to a small spectral region, and in addition
to the phase coupling, this results in a distinct mode narrowing. In our setup, the
spectral resolution of the monochromator limits the exact determination of the laser
linewidth. The measured 0.05 nm FWHM are therefore only the upper limit of the
laser mode line width.
An additional feature of our laser is the directed emission normal to the surface of
the microcavity. Due to this observation, the structure is referred to as an organic
VCSEL. The origin of the small divergence is explained by the laterally limited
inversion region. An amplification of the stimulated emission requires a number of
photon round trips in the active medium. Only photons propagating in the vertical
direction pass the active medium without leaving the excited zone. Light that is
emitted in oblique directions is lost after few cycles in the laser area and does not
contribute to the lasing process. In the near field, the electric field intensity of the
laser mode can be expressed by a Gaussian function
E = E0 exp
[
−1
2
( x
D
)2]
, (6.2)
with the maximum electric field intensity E0, the spot diameter D, and the lateral
coordinate x. The near field distribution as the Fourier transform of the far field
allows for the calculation of the spreading angle θ of the laser mode at the wavelength
λ by
θ = arctan
(
λ
2πD
)
. (6.3)
If one assumes for our sample a gain region with a diameter of D = 10µm at the
laser wavelength of 625 nm, the spreading angle is calculated as θ = 0.6◦. Thus, in
a distance of 30 cm, the laser beam has a diameter of 6 mm. This coincides with
the observations and is a hint towards a lateral laser mode extension significantly
smaller than the pumped area of 50µm spot size.
6.3.3 Dynamics
The temporal development of the emitted laser pulses above threshold is investigated
in an up-conversion experiment (Sec. 4.2.2). For this experiment, the 800 nm pulse
of the amplifier is split in two laser beams. One beam is frequency doubled and
used as the pump beam of the organic microcavity. The VCSEL emission is guided
into another non-linear crystal and is added with the second beam, the gate beam,
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from the amplifier. Its temporal arrival can be varied by a delay stage in a range of
approximately 500 ps. The time resolution of this experiment is given by the gate
pulse length of about 200 fs.
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Figure 6.13: (a) Time-resolved organic VCSEL emission as measured by an up-conversion
technique for pump powers above threshold. (b) The laser output is modeled by a set of
rate equations for the different excitation energies.
Figure 6.13 a presents five time traces of the organic laser for different pump
powers above threshold. At the lowest recorded pump pulse power of 0.78 nJ, the
maximum output occurs about 150 ps after the arrival of the pump pulse with a pulse
width of 60 ps. With increasing power, the VCSEL pulse appears earlier and exhibits
a narrower temporal width. After a nearly doubling of the excitation power to 1.3 nJ,
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the organic laser shows the highest output 40 ps after pump pulse incidence with a
reduced width of 14 ps. This temporal behavior is described as gain switching [205,
206], since the active medium is excited by a femtosecond pulse and the threshold
is overcome nearly instantaneously for a short time in the picosecond range. The
existence of the gain switched state is much shorter than the natural lifetime of
the excited state as observed by the spontaneous emission lifetime. An additional
requirement for gain switching is a short photon lifetime which is also fulfilled by
τcav = 1.5 ps. In our experiment, a 400 fs pump pulse excites a large number of Alq3
molecules, which have a comparably long radiative lifetime of about τAlq3 = 20 ns.
The excitation is non-radiatively transferred to the DCM molecules with a lifetime of
τDCM = 5 ns. As the up-conversion data show, the laser emission occurs after several
picoseconds and thus appears sufficiently earlier than the spontaneous emission.
With a delay of 40-70 ps after the maximum, a second peak appears in the up-
conversion traces. This output with an intensity two orders of magnitude lower than
the maximum is observed about 80 ps after pumping with 1.3 nJ and is also visible
in other graphs. Probably, it is related to relaxation oscillations, where the upper
laser level is increasing its population again when the photon number is below lasing
threshold. In our sample, the main part of the excited states contribute to the first
output laser pulse since the most excitons are transferred to the DCM before the
first laser emission occurs.
The dynamics of the organic VCSEL are modeled by a set of rate equations. The
first equation is attributed to the time dependence of the excited Alq3 molecules,
which present the reservoir of the organic laser. The evolution of the exciton popu-
lation Na(t) in the lowest level of the first excited Alq3 state is given by
dNa
dt
= −kaNa(t)− ktrNa(t). (6.4)
Here, the depopulation is explained by the laser loss channel in the Alq3 with the
rate ka and the transfer rate to the DCM molecules with the rate ktr. Including
radiative and nonradiative decays, ka is approximated with (16 ns)
−1. In a second
equation, the dynamics of the excited DCM molecules N is described:
dN
dt
= ktrNa(t)− keN(t)− cσSEq(t)N(t). (6.5)
The DCM state is filled by the transfer from the Alq3 reservoir and the number of
DCM excitons decreases with the rate ke = ke,r + ke,nr given by sum of radiative
(ke,r = (5 ns)
−1) and non-radiative processes (ke,nr is a fit parameter), and via stim-
ulated emission. This emission term is described by the current number of photons
in the laser mode q(t), the stimulated emission cross section σSE, and the vacuum
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speed of light c. The last rate equation considers the number of photons in the laser
mode. First, its number is increased by the fraction β of spontaneously emitted
photons in the laser mode with the rate ke,r. The portion of the laser mode photons
that is in the active medium at the same time is expressed by the confinement factor
Γ. By the dominant process of stimulated emission, the photon number is amplified
in dependence on Γ, c, N(t), and q(t). The photon lifetime in the cavity is given by
(kcav)
−1 and the evolution of the photon number reads finally as
dq
dt
= (cΓσSEN(t)− kcav)q(t) + Γke,rβN(t). (6.6)
For a concluding analysis, the rate equations are simplified to reduce the final number
of coupled equations. From the solution of Eq. 6.4 Na(t) = Na,0e
(ka+ktr)t, one can
determine the pumping rate by R(t) = ktrN(t). The initial population is expressed
by Na,0 = A
Epump
hνV
with the absorbed fraction A = 0.9 of the incident pump power
Epump at the pump laser frequency ν and the excited volume V . Unfortunately,
the application of an initial population in the rate equation set prevents from a
modeling of the relaxation oscillations. In Eqs. 6.5 and 6.6, a threshold density
Nthr(t) =
kcav
cΓσSE
is applied for a redraft of the terms. The threshold density from the
laser input/outout measurements is approximated with Nthr = 5.5×1017cm−3. The
newly arranged formulas read now
dN
dt
= R(t)− keN(t)− kcavN(t)
ΓNthr
, (6.7)
dq
dt
= kcav
(
N(t)
Nthr
− 1
)
q(t) + Γke,rβN(t). (6.8)
The rate equation set is solved by a numerical algorithm, where the remaining
parameters ke = 1.3 ns, Γ = 0.31 and, ke,r and ktr = 19 ps are applied as fit values
of the up-conversion traces. The fraction of spontaneously emitted photons in the
laser mode β = 6×10−4 is chosen to match the characteristics of the threshold curve.
The final results of the calculated pulse shapes are presented in Fig. 6.13 b and the
calculated threshold curve is directly compared to the measurements in Fig. 6.11.
At this point, one has to add that this set of parameters, although it models the
experiment accurately, is not necessarily the correct solution of the rate equation
given. As extensively discussed in Ref. [207], it is not possible to find the optimal
solution of the equations by an automatical fit procedure. By the manual fitting
approach used here, the global minimum of the fitting parameter deviation can
easily be missed. Additionally, the determination of the initial excitation density
Na,0 is of crucial importance for the final fitting values and potential inaccuracies
will lead to incorrect estimates.
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In summary, the results of the rate equation modeling should be taken with
caution. Nevertheless, the results of the experiments and simulation will be discussed
in the following Sections.
6.3.4 Threshold comparison
For the application of a certain laser design, a knowledge of the laser threshold
is essential. It defines the pump power necessary to start lasing from the active
medium. A low threshold is of special interest for organic solid state lasers. The
limited photostability of organic dyes requires a low pump power for a long time
operation. This is important since the medium is not circulating as in standard
dye lasers that apply liquid solutions. Currently, much effort is made to create an
organic laser diode. Up to now, such a device has not been demonstrated, which is
mainly due to the high losses that occur to electric charges at high densities [99].
Lasing from the organic dye system Alq3:DCM has been studied in several res-
onator configurations. This allows for a comparison of our results with other systems
(Tab. 6.1). As a general feature, the threshold of lateral resonators is smaller than
that of the VCSEL designs. Mainly, this fact is based on the excitation of a long
stripe on the sample. The much larger gain length in these devices overcompensates
the smaller optical confinement. Among the VCSELs, our design provides the lowest
threshold. This is attributed to the higher Q-factor. Both other designs contain a
silver mirror, which we replace by a DBR. This increase of the Q-factor from 420 [54]
to 4500 [56] leads to a laser threshold decreased by one order of magnitude.
pulse energy pulse density
design (nJ) (µJ cm−2) reference
slab waveguide 1 1 Kozlov et.al. [208]
heterostructure <1 1 Kozlov et.al. [156]
DFB 2 4 Riechel et.al. [107]
n/a 10 Schneider et.al. [108]
VCSEL 40 300 Bulovic et.al. [54]
n/a 400 Liu et.al. [55]
0.4 20 Koschorreck et.al. [56]
Table 6.1: Laser threshold pulse intensities and densities of different sample architectures
with the same active medium Alq3:DCM. The sample of the author is shown in the last
row.
For an estimation of the threshold injection current jthr of a potential organic
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VCSEL diode, one can use the expression:
jthr =
Nthr d e ke
κ
. (6.9)
The current density depends on the threshold density Nthr in the active medium
with the thickness d, the radiative decay rate ke of DCM, the fraction of radia-
tive excitons κ = 1/4, and the elementary charge e. Since it neglects any charge
losses, this approximation gives only a lower limit of the current density. Assuming
Nthr = 10
−17cm−3 and d = 1µm, the threshold current density of jthr =5 kAcm−2
exceeds a realistic value for an electrically pumped organic laser. Therefore, an en-
hanced design is needed in order to reduce the necessary pump power. One possible
way is the reduction of the active volume by lateral structuring. By the formation
of photonic dots in micropillars [209–211] and buried heterostructures [212,213], the
mode volume and the laser threshold have been reduced in comparison with planar
microcavities [214]. Up to now, only one experiment has been published with lat-
eral structuring of organic microcavities [215]. This opens a new field for extended
investigations on laterally structured organic VCSELs.
In the following, we discuss two parameters of the VCSEL that have an impact
on the threshold: the confinement factor Γ and the spontaneous emission coupling
factor β.
6.3.5 Confinement factor Γ
One of the fitting parameters in the laser rate equations describes the ratio of the
resonant light in the active medium to the total light intensity of the laser mode.
In an ideal laser, this confinement factor Γ equals unity. However, especially in
microlasers with DBRs, the penetration depth into the mirrors reduces the amount
of radiation in the active medium and thus Γ. From the fitting of the temporal
output pulse shapes at different pump intensities, a confinement factor of Γ = 0.31
is obtained. Another approach for the determination of the confinement factor is
the calculation of the internal electric field of the laser mode by a transfer matrix
model.
Figure 6.14 presents the calculation of the electric field intensity for the laser
mode in a model structure. The DBRs consist of λ/4-layers of SiO2 and TiO2
at the design wavelength of 690 nm. An organic film thickness of 670 nm results
in two cavity modes, with the laser mode at 624.8 nm (Fig. 6.10 b). The electric
field calculation shows the concentration of light in the active medium, but also
the penetration of light into the DBRs. Fortunately, the light in the DBRs has
the highest intensities in the less absorbing SiO2 layers. The confinement factor
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Figure 6.14: (a) Calculated electric field intensity of the laser mode in the investigated
OVCSEL. The calculation is performed for the 624.8 nm mode for the structure shown in
Fig. 6.10 with the design (1T 1S )10 1T 6.6A (1T 1S )9 1T. Light is incident from the
right side and the optical thickness is plotted for the DBR design wavelength of 690 nm.
Positions of high refractive TiO2 layers (grey) and the active Alq3:DCM layer (orange) are
shown in the background. (b) In a plot of the electric field per layer, the concentration of
the light in the active zone is demonstrated - a consequence of the 670 nm thick organic
layer. As a further advantage, the light in the DBRs is mainly stored in the low absorbing
SiO2 films.
from this transfer matrix approach is ΓTM = 0.41, which is higher than in the rate
equation fit. It has to be commented that in the transfer matrix calculation a perfect
layer match in the DBRs is assumed. This and other variations between model and
real structure can constitute the different results.
Since Γ is one of the factors which enhance the stimulated emission in a laser,
this value should be maximized in order to reduce the laser threshold. The simplest
method to achieve this goal is the enlargement of the active medium. This can be
done in two ways. As the most effective appears the maximization of the organic
film between the two mirrors, where the electric field and the interaction between
laser mode and inverted molecules is highest. In fact, a rather large organic film
thickness is required in this approach. From another point of view, this thickness
increase seems not very promising as already 90% of the pump light is absorbed in the
current film with approximately 2λ optical thickness. The second way is based on the
varying electric field distribution in the DBRs. As demonstrated in Fig. 6.14, most
light is concentrated in the lower refractive index layer in the mirrors. A replacement
of the SiO2 layers by Alq3:DCM would bring another low index layer and active
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material in positions of a high electric field. With this method, the thickness of the
active medium between the mirrors needs no further increase. A threshold reduction
of 30% has already been demonstrated by this method with active DBRs [216]. Due
to the inverse proportionality of threshold and Γ, the minimum laser excitation
density can be reduced by a factor 3 with an optimization of our VCSEL design.
6.3.6 Spontaneous emission coupling factor β
In the organic VCSEL presented, the external pumping of Alq3 and the subsequent
relaxation and transfer of the energy to DCM create an inverted system. Lasing
will occur from the inverted system, when the emission is stimulated and amplified
by photons propagating in the laser mode. The only process that generates this
photons is the spontaneous emission of excited DCM molecules. In a microcavity,
the spontaneous emission is enhanced for a number of modes. For a laser, the
fraction of spontaneously emitted photons that contribute to lasing is defined by the
coupling factor β with
β =
spontaneously emitted photons into laser mode
total amount of spontaneous emission
. (6.10)
A coupling factor equal to unity would create an ideal thresholdless laser [217]. This
is difficult to achieve. In standard lasers, β is usually several orders of magnitude
smaller. This means that the number of excited states is reduced drastically before
the amplified stimulated emission starts in a pulsed regime. As a consequence, the
pump intensity has to be increased to overcome the losses and to exceed the laser
threshold. The influence of β on the input-output characteristic of microcavity lasers
has been studied by rate equation modeling [207,217]. Whether inorganic or organic
VCSEL, the threshold increases approximately inversely proportional to β.
The fitting of the temporal emission traces leads to β = 6 × 10−4. This low
value is confirmed by the modeling of the same measurement with a different set of
rate equations [207]. There exist several approaches for the theoretical calculation
of the coupling factor. The analytical formulas presented in Ref. [218] give an
insight into the relations on the cavity linewidth and the emission linewidth of the
excited molecule. Unfortunately, they are not easily applicable to our or system
with an inhomogeneously broadened emission spectrum. Another method is the
calculation of the overall emission by the plane wave expansion method (Sec. 3.3).
It enables also the determination of the spontaneous emission into the laser mode.
The disadvantage of this method is the approximated mode intensity for internally
propagating waves (Sec. 3.3.2) and the assumption of an infinitely laterally extended
pump region. Nevertheless, the results of a simulation of our structure allow an
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approximation with β ¿ 10−3.
A further approach relies on an extended mode counting [219, 220]. Here, the
β-dependence on the lateral size and the emission linewidth is analyzed. The results
of β ≈ 10−4 coincide also with our fitting value. All approaches demonstrate that
the broad emission spectrum of DCM (∆λDCM =130 nm) and the one-dimensional
optical confinement reduce the coupling factor β. Therefore, a lateral confinement
of the active regions seems essential for the reduction of the laser threshold. In
current experiments, β-factors of β up to 0.28 have been demonstrated in inorganic
micropillar cavities [214]. This value is orders of magnitude above the value of our
organic VCSEL and shows the potential of lateral dimensioning.
6.3.7 Anisotropic mirrors and polarization splitting
Besides the already discussed laser parameters of threshold, linewidth, vertically
collimated emission, and temporal behavior, the polarization of a laser is an ad-
ditional device characteristic. In a perfect VCSEL that offers a radial symmetry
along the emission direction, no preferred polarization exists. This typical problem
of a VCSEL results in an arbitrary polarization of the emission with two competing
orthogonally polarized modes [221–223]. Usually, this instability is overcome by the
introduction of an asymmetry in the laser structure. The asymmetry of very different
nature can be included, for example, by external strain [224], oxide apertures [225],
asymmetric geometries [226], quantum wires [227], or a tilted pillar structure [228].
In our structure, the asymmetry is created by an oblique deposition angle of
about 15◦ during the DBR fabrication. This leads to an anisotropic distribution of
material on the substrate. Under these conditions, the dielectrics form columnar
structures inclined at a certain angle with respect to the deposition angle. As dis-
cussed in Sec. 4.1.4 and 5.5, dielectric mirrors consisting of such anisotropic layers
contribute to the formation of two perpendicularly polarized cavity modes in mi-
crocavity structures. Thus, by varying the deposition angle, the spectral distance
of the two modes can be tuned over a certain range. In contrast to the anisotropic
passive microcavities, the organic cavity layer of the VCSEL is most likely isotropic.
This means that only the anisotropic mirrors influence the polarization dependence
of the laser mode structure. Therefore, the mode splitting is smaller than in the
passive structures with an anisotropic cavity layer.
Figure 6.15 presents the two mode emission following optical pumping with 400
nm radiation above the laser threshold of 0.7 nJ pump pulse energy. The modes
are spectrally positioned at 612.46 nm and 612.69 nm, with linewidths of 0.056 nm
(45 GHz) and 0.05 nm (40 GHz) FWHM, which is on the order of the spectrometer
resolution. Both laser lines exhibit an apparent line splitting of 0.23 nm or 180.6
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Figure 6.15: Normalized microcavity laser emission spectra in dependence of the polarizer
angle. Two laser lines are observed, with either maximum at 90◦ and 0◦. Both modes are
spectrally separated by ∆λ = 0.23 nm or 0.18 THz
GHz. Additionally, they are perpendicularly polarized with a particular polarization
ratio above 100:1.
The influence of the anisotropic mirrors on the mode structure can be analyzed
by the transfer matrix method. It is applied to the calculation of the resonance
wavelength and the phase shift of the two polarizations. We have already discussed
that the mode positions in transmission and internal emission are equal. However,
for the phase behavior one has to include additional assumptions. In the transfer
matrix model, the light source is positioned at the substrate interface of the bottom
DBR. The light of this source has an equal phase for all wavelengths. After the
transmission through the first DBR, this behavior is only slightly influenced. A DBR
provides only a weak phase dispersion around the design wavelength, as discussed
in Sec. 2.3. A phase shift of 180◦ for the transmitted light at frequencies around the
design wavelength follows. In contrast to the DBR, a complete microcavity shows
a 180◦ jump in the phase shift at the cavity resonance (Sec. 2.4). Since the DBRs
provide only a weak phase dispersion, the jump is attributed to the cavity layer.
This means that the light enters the cavity layer with equal phase and during the
oscillation inside the cavity, the phase is differently shifted. After the transmission
through the total structure, the light with wavelengths above the resonance is 180◦
shifted with respect to the light below the resonance wavelength.
Therefore, a reversal of the light path results in a phase jump of the emitted
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light. A light source inside the cavity layer, which emits without a phase dispersion,
provides a jump of the phase shift outside the structure. With this assumption,
the transmission phase shift of the organic VCSEL is calculated and subsequently
transferred to emission. This model is supported by own extensions of the plane
wave expansion method (Sec. 3.3) to the phase of emitted radiation.
For the simulation of the anisotropic laser device, two structures with same layer
thicknesses, but different refractive indices are used for the DBR-layers. In the
model, the light source is situated at the substrate-DBR border and the transmitted
phase is calculated for the DBR-air interface. The dispersion of the optical constants
is neglected. This is justified by the narrow spectral region of the laser emission.
The optical constants of the dielectric materials are taken from the ellipsometric
measurements of films deposited at right angle (Sec. 4.1.2). The real refractive index
value for TiO2 is in the model n1,TiO2 = 2.17 with an additional extinction coefficient
of k1,TiO2 = 1 × 10−4. For SiO2, the values determined are n1,SiO2 = 1.45 and
k1,SiO2 = 2 × 10−6. The design wavelength for the mirrors is chosen to be 680 nm
and all DBR layer thicknesses are λ/4. The active layer of Alq3 and DCM is modeled
with the refractive index nAlq3 = 1.72 with the imaginary part kAlq3 = 1×10−4. The
absorption-free substrate is modeled with nSub = 1.52. To obtain a mode at 612.46
nm, an organic layer thickness of 655.49 nm is required. This layer thickness then
represents approximately 3.7λ/2.
To model perpendicular polarization, the refractive indices of the DBR layers are
shifted such that the cavity mode is located at 612.69 nm. As a further constraint,
the ratio of the two material refractive indices are kept constant. This assumption
is supported by considering the columnar growth of both materials as equal. The
resulting values are n2,TiO2 = 2.1715 and n2,SiO2 = 1.4510. This demonstrates that a
refractive index variation of the order of 10−4 can explain the polarization splitting.
The results for the transmission phases φm(ω) of each mode m are presented
in Figure 6.16 b. The emission intensities Im(ω) are obtained from the measured
emission spectrum (Fig. 6.15) and fitted with a Gaussian function (Fig. 6.16 a). Their
positions are 2024.38 meV (λ1 = 612.46 nm) and 2023.62 meV (λ2 = 612.69 nm),
with an equal width (FWHM) of 0.26 meV (0.08 nm) and a maximum intensity
ratio of 0.76.
6.3.8 Terahertz beating and mode coupling
The dynamics of the laser emission from the anisotropic VCSEL are studied by the
same up-conversion technique as for the single mode (Sec. 6.3.3). As an additional
optical element, a λ/2-plate is installed to rotate the polarization axis of the VCSEL
emission. Since the up-conversion process requires the same polarization of gate and
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Figure 6.16: The fitted intensities (a) and the corresponding calculated phases (b) of the
two emitted laser modes as used for the Fourier transform model. The two Gaussian lines
represent the two emission modes. The phases of transmitted light for two microcavities
with corresponding resonance frequencies. Around the resonance wavelength a phase shift
of ∼ 150◦ occurs.
signal pulse, the λ/2-plate enables the selection between one or two contributing
laser modes to this process. By this method, the two modes can either be studied
independently or their sum signal is analyzed with a variability of their respective
amplitudes.
Figure 6.17 depicts the up-conversion signal of a single mode and the sum signal
of both laser lines from the organic microcavity. The single mode exhibits the typical
time dependence of single pulse emission. By a 45◦ rotation of the polarization of
the emission, the up-conversion pulse shows an intensity modulation in time. The
frequency of this beating corresponds with the mode splitting of 0.18 THz.
Every data point of the up-conversion experiment is the result of the signal inte-
gration over several seconds. At a laser repetition rate of 1 kHz, thousands of single
pulses contribute to each point of the temporal spectrum. The sum signal detects
the interference phenomena of the two modes that do not average out. Further,
every pump pulse newly excites a totally relaxed electronic Alq3:DCM system. Nev-
ertheless, there occur intensity minima and maxima at certain delay times. This
implies that the phases of both modes are reproducibly coupled. Would this not be
the case, the averaged sum signal should look like the single mode signal.
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Figure 6.17: Measured up-conversion with two laser modes (top) contributing to the
up-conversion signal with clearly visible interference oscillation at 5.5 ps period time, and
with one mode (bottom). Each dot represents a single up-conversion measurement over
several thousand pulses.
For the analysis of the up-conversion results, two models are used. The first ap-
proach applies an extended formulation of the rate equations presented in Sec. 6.3.3.
Another simulation is based on the Fourier transform of the measured emission and
the spectral phase shift of the laser.
In the extended rate equation model, the electrical field is reconstructed by a
sum of two perpendicular polarized single pulses, considering their temporal phase.
The time-dependent sum signal of the up-conversion experiment E(t) reads now as
E(t) =
2∑
m=1
√
I(t)Am cos θme
i(ωmt+φm), (6.11)
where ωm is the mode angular frequency, θm is the angle of the mode electric field
with respect to the polarization plane of observation and I(t) is the single mode
photon number function. The angle θm accounts for the oscillation contrast. With
θ1 = θ2+90
◦, one obtains maximum contrast at θ1 = −θ2 = 45◦. Am is an amplitude
factor. In the calculations, A2 and φ2 are considered as fit parameters and A1 =
1, φ1 = 0. Mode wavelength and splitting frequency are taken from the laser emission
spectrum in Fig. 6.15. Spectrum and fitting procedure yield A2 = 0.2, φ2 = 0,
~ω1 = 2024.37 meV (λ1 = 612.46 nm), ~ω2 = 2023.62 meV (λ2 = 612.69 nm). The
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amplitude square of the resulting electric field is plotted in Fig. 6.18.
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Figure 6.18: Results of rate equation based model for one (bottom) and two (top)
contributing laser modes to the up-conversion signal.
In the rate equation approach, the experimental results are reasonably repro-
duced. Oscillation frequency and pulse length can be derived. Unfortunately, the
initial phase of the emission is a fitting parameter and therefore postulated. In the
Fourier transform approach following, the emission intensity and the phase results
from the previous Section are included (Fig. 6.16).
Both fields with their corresponding phase can be added up as they are emitted
at the same time with a defined phase relation. Having constructed an electric field
including spectral phase allows then to perform a Fourier transform
E(t) =
∞∫
−∞
2∑
m=1
√
Im(ω)e
iφm(ω)dω, (6.12)
to find the expected temporal behavior E(t) of the system.
The results of the following Fourier transform are depicted in Fig. 6.19. The
approach reproduces the characteristic occurrence of four major peaks at a peri-
odicity corresponding to the spectral distance of the two peaks, with a Gaussian
envelope with 11 ps duration. The results also show that it is indeed possible to
model the cavity behavior with a Fourier transform approach based on the trans-
mitted phase. Two calculations for equal initial phases and a phase difference of
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Figure 6.19: Fourier transform of one (bottom) and two contributing laser modes with
Gaussian spectral shape. The temporal behavior shows a dependence on the initial phase
relation. In the out of phase signal (top) the beating pulse with the maximum intensity
occurs later than in the in phase transformation (middle).
∆φ = π are compared with the experiment in order to demonstrate the influence
of this parameter. However, the coincidence between the experimental results and
the Fourier transform including a π-phase difference allows no conclusion about the
initial phase relation. In the up-conversion experiment, the phase relation between
the two VCSEL modes at the position of the non-linear crystal is measured. With
a frequency of 0.18 THz, the sum-frequency signal has a wavelength of 1.7 mm. A
position variation of the non-linear crystal over this distance would cover all possible
phase differences for a certain detected delay time.
The calculations by the rate equation approach and the Fourier transform based
model represent the intensity of the sum-frequency signal at the position of emission.
This position is not accessible in the up-conversion experiment, which therefore
allows no detection of the initial phase relation.
For the explanation of the mode-coupling mechanism, a model based on the
coupled-mode theory [229] is applied in Ref. [190]. Here, the coupling is attributed to
the anisotropic DBRs, which have optical properties similar to Šolc-filters that rotate
the polarization of the modes, during the propagation in the DBR. The response in
the dielectric materials on the two oscillating optical fields is driving the coupling of
previously perpendicularly polarized modes.
In this work, another description of the coupling mechanism is suggested. The
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main difference to the former model is the assumption that the coupling occurs
mainly in the active material. As demonstrated in the experiments on passive and
active microcavities in the previous Sections, the anisotropy in the refractive index
of the DBRs is resulting in two perpendicularly polarized modes traveling along the
normal axis of the sample. In laser emission, these two modes have a Gaussian
spectral shape (Fig. 6.15) that weakly overlap. After pumping above laser threshold
and energy transfer to the DCM molecules, spontaneous emission into the normal
modes starts the lasing process. Excited DCM molecules with a dipole moment
deviating from the polarization of the two laser modes can be stimulated to emit
in either of the two modes. With higher probability, the photon is emitted into the
mode of stimulation. However, a small amount of modes is afterwards propagating
in the perpendicularly polarized mode.
If the modes have different Q-factors, lasing will start in the mode with the
highest Q-factor. By the coupling, this additionally initiates the amplified stimulated
emission in the other mode with a certain temporal delay. Since lasing is started in
both modes by the same photons, the emission of the two laser lines is coupled in
phase. Later, when the photon population is strongly increased in both modes, the
modes are synchronized by the strong internal electric field. The electric field vector
as the sum of both orthogonal fields is oscillating in time and changing between
linear, elliptical and circular polarization (see description in Sec. 5.5 and Fig. 5.16).
As the emission process into the laser modes is driven by the electric field oscillating
with the same frequency, the laser process in both modes is coupled by a periodic
variation of the internal field.
In summary, a number of new effects have been investigated in the experiments
on the organic VCSEL. First, a gain-switching mechanism has been demonstrated
that leads to an emission of laser pulses with a length of approximately 10 ps with a
wavelength of around 630 nm after optical pumping with a femtosecond laser system.
In this device, a high Q-factor of the cavity modes combines a low laser threshold
(0.7 nJ/ 20µJcm−2) with a very narrow linewidth of about 0.05 nm and a small
beam divergence with θ < 1◦. By the application of a rate equation model, the
dynamics of the photon number evolution is successfully explained. Furthermore,
an optical anisotropy in the DBRs leads to two orthogonally polarized laser modes
with different wavelengths. This behavior stabilizes the polarization of the organic
VCSEL and additionally leads to an optical beating of the sum-frequency signal.
As demonstrated in an up-conversion experiment, the two perpendicularly polarized
modes are phase coupled. Therefore, the spectral distance of the coupled laser
modes allows the generation of a signal beating with terahertz frequencies. This
oscillation can be reproduced in the pulsed excitation regime of the organic laser. A
potential continuously emitting VCSEL with anisotropic mirrors would be a stable
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light source for the generation of highly monochromatic terahertz emission by a
photomixing process. The beating frequency is widely tunable by the anisotropy in
the DBRs and thus the fabrication conditions, which make this device a promising
candidate for the application in terahertz spectroscopy.

7 Conclusion and outlook
This thesis is focussed on the development of novel planar microcavities, their de-
sign, fabrication, and experimental as well as theoretical analysis. The combination
of standard evaporation techniques and optical measurements provides new insights
into the unique linear and ultrafast processes related to this attractive class of micro
devices. High quality microcavities, whose fabrication is enabled by the implemen-
tation of an optical setup for in-situ layer thickness measurement are successfully
applied for the confinement of incident and internally generated light. In transmis-
sion measurements with pulsed laser light, the storage of electromagnetic waves for
a resonant cavity mode is demonstrated by an optical gating experiment. By apply-
ing an additional technique to the standard linear transmission measurements, the
photon lifetime is verified in a different and more direct manner.
With an oblique angle deposition technique, a slight optical anisotropy, tunable
by the process conditions, is introduced into the dielectric layers. Conventional
microcavity with a single resonator layer provide only a single mode. A single cavity
with anisotropic layers shows two modes with different resonance frequencies and
orthogonal polarization. With a spectrally aligned pulsed laser source, both modes
can be excited simultaneously and a beating of the transmission signal is observable
in a photomixing experiment. By a variation of the anisotropy within the cavity
forming optical films, the spectral mode distance is widely tunable and the beating
frequency is variable typically in the terahertz range.
Following the passive cavity experiments, the properties of organic dyes within
such optical resonators are investigated. It is demonstrated that organic semicon-
ductors, whose optical properties were extensively studied in free space and bulk
material for decades, are subject to drastic changes after their implementation into
microcavities. Their formally broad spectral emission is narrowed and accompanied
by a shortening of the radiative lifetime in the weak-coupling regime. Laser emission
from an organic dye compound is recorded with an extremely narrow linewidth, small
beam divergence, and picosecond output pulse duration after high power pulsed laser
excitation. A reduced threshold is obtained by high quality dielectric layer stacks
in comparison with similar layer designs. By a further improvement of the layer
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fabrication, an additional reduction of the laser threshold can be expected even in
one-dimensional designs. The high accuracy and low complexity of the vertical layer
fabrication process make organic vertical cavity surface emitting lasers a competing
candidate for electrically pumped organic lasers. In cavity lasers with birefringent
mirrors, stimulated emission at two perpendicular modes is observed with a strong
phase correlation. With this design, which is not restricted to organic cavity lasers,
a new way for the generation of terahertz light based on sum-frequency mixing is
opened. Applied in cavity lasers, with either organic or inorganic active media, a
micrometer sized device creates pulses with terahertz beating usually demonstrated
in macroscopically extended resonator configurations. Additionally, this new cav-
ity assembly prevents the spontaneous polarization switching typically observed in
cylindrical symmetric lasers. An utilization of anisotropic dielectric mirrors in stan-
dard lasers with long cavities is also conceivable.
In further experiments, coupled microcavities are investigated with respect to
their multimode transmission and emission qualities. In contrast to anisotropic sin-
gle cavities, a design with two coupled resonators provides two modes with equal
polarization, thus allowing for optical Bloch oscillations within the structure. Opti-
cal Bloch oscillations with terahertz beating are verified with the same setup utilized
for the terahertz generation in anisotropic cavities.
All experiments are accompanied by various theoretical models. Linear trans-
mission, reflection, and absorption properties are described by the transfer matrix
algorithm, which also enables the determination of the materials optical constants
as well as the layer thicknesses, in-situ and ex-situ. The transfer matrix method ex-
tended by a plane wave expansion approach is the basis for the analytical explanation
of the cavity photoluminescence in the weak-coupling regime. The temporal emission
evolutions of the lasers is described by a set of rate equations. A model for the cal-
culation of time resolved transmission and optical beating traces is demonstrated by
a combination of transfer matrix and Fourier transform analysis. Furthermore, time
resolved spectroscopy measurements are explained by an extended Fourier transform
algorithm providing insights into beforehand non perspicuous physical properties.
After completion of this work, a number of open questions remain leaving tasks
for future projects. At the moment, best efforts are made to create organic laser
diodes. The presented VCSEL structure is only one possible configuration. As
demonstrated within this work, the laser threshold of an organic VCSEL is com-
parable with other designs. However, it is far away from the requirements for an
electrically driven laser, which is at least three orders of magnitude below the cur-
rent value. One possible way for a threshold decrease is lateral structuring of planar
microcavities in order to further reduce the number of modes [215, 230]. This ap-
proach increases the spontaneous emission coupling factor β of the laser. A different
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way to gain a lower laser threshold is the increase of optical confinement factor Γ,
which gives the fraction of the mode volume in the active medium. For example,
the implementation of active media in the DBRs can increase Γ significantly.
A completely different concept of coherent light generation is the polariton laser
[231–233]. In this device, a dense degenerated Bose gas of polaritons is formed in a
microcavity. In optically pumped systems, a laser threshold decrease of two order of
magnitude has been demonstrated in comparison with a conventional photon laser.
The application of the polariton laser concept in electrically driven systems can be
realized by hybrid structures [234, 235]. In such a device, inorganic quantum wells
can provide polaritons after electrically pumping and transfer the quasi-particles to
organic layers. Afterwards, the polariton population in the organic material can be
used to create stimulated emission with a low laser threshold.
The reduction of the laser threshold is not the only option on the road to the
electrically pumped organic laser. Currently, a low threshold is required by the
limited photostability and conductivity of organic materials. The photostability
is improvable by an enhanced encapsulation that prevents from an interaction with
oxygen and water. In an organic VCSEL, this can be realized by the implementation
of encapsulation layers in the DBRs. Already the microcavity lasers presented within
this thesis provide a higher photostability in comparison with bare organic films.
The applicable maximum current density for the operation of an organic diode
is limited by the conductivity of the total structure. At the present time, losses
and annihilation processes limit the generation of high carrier densities and lead
to a material deterioration. Further investigations are required in order to under-
stand the internal electrical processes, their relations, and limitations. At the same
time, new concepts of carrier transport and layer arrangement have to be proven.
New designs of organic transport layers and recombination zones that differ from a
standard OLED may reduce the path length of electrons and holes and may over-
come the conductivity limitations. In summary, the realization of an organic laser
diode requires a parallel improvement of the laser threshold and on the opposite an
enhancement of photostability and conductivity.
Within this thesis, a terahertz pulsing of laser emission has been demonstrated.
By the coupling of two energetically different modes in an organic VCSEL with
anisotropic mirrors, laser pulses with a length below 3 ps have been demonstrated.
This pulse length can be further reduced, if the number of coupled modes is in-
creased. A possible design for this purpose are coupled microcavities. Coupled
microcavities with two resonator layers and anisotropic DBRs provide four modes.
If all modes are equidistant in energy and properly coupled, pulse length below
one picosecond are achievable. By the application of wedge shaped cavity layers,
triple cavities can be fabricated with low requirements on the layer thickness accu-
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racy. A possible number of six coupled laser modes may further reduce the pulse
length. Beside the challenging fabrication of coupled microcavity lasers, a deeper
understanding of the phase-coupling mechanism is essential. The two approaches
presented so far for the anisotropic organic VCSEL cannot describe all observations.
Furthermore, a rate equation model that considers the phases of contributing laser
modes has to be developed.
A challenging project for the improvement of dielectric mirrors is the application
of rugate filter designs [12, 236, 237]. In rugate filters, the refractive index is varied
continuously or gradually in contrast to the step-like change in standard DBRs with
λ/4-layers. The additional degree of freedom in the structure design enables the
customization of the optical properties. For example, mirrors with high reflectance
stop-bands and spectrally broad bands of high transmission can be realized. This is
an alternative for optically driven devices, where currently a certain amount of the
incident light is reflected by reflectance modes outside the stop-band.
The present work demonstrated that even a century after its invention, the sim-
ple planar resonator design is still applicable for the investigation of new optical
effects. Applications relying on effects investigated within this work are imagin-
able for coherent light sources as organic lasers or terahertz modulators for distance
measurement, sensors, and optical computers.
Appendix
A.1 Fourier transform
The Fourier transform F is an integral transform that connects a continuous function
f(t) with its corresponding function F (ω) in the frequency domain. The Fourier
transform to the frequency domain is given by
F (ω) =
∫ ∞
−∞
f(t) e−iωtdt = F{f(t)} (A.1)
and its inverse Fourier transform is defined as
f(t) =
1
2π
∫ ∞
−∞
F (ω) eiωtdω = F−1{F (ω)}. (A.2)
After introducing the definitions of the transform some rules for the calculation with
Fourier transforms should be discussed.
Linearity. The transform of the sum of two functions is the sum of the respective
transforms
F{αf(t) + βg(t)} = α{F (ω)}+ β{G(ω)}. (A.3)
Convolution. The product of two Fourier transforms is the transform of their con-
volution
F{f(t) ∗ g(t)} = F (ω) ·G(ω). (A.4)
Similarity. The compression of the coordinate in one domain elongates the adequate
coordinate in the other
F{f(t/α)} = |α|F (αω). (A.5)
Shifting. A shift in the coordinate in one domain results in a frequency shift in the
other.
F{f(αt+ t0)} = (1/α) eit0ω/αF (ω/α) (A.6)
F−1{F (ω + ω0)} = e−iω0tf(t).
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Two examples are of importance for the analysis presented within this thesis.
Lorentzian
For a given exponential function with the time decay constant −α
f(t) =



e−(α−iω0)t (t ≥ 0)
0 (t < 0),
(A.7)
the contributing Fourier transform is a complex Lorentzian with the frequency
linewidth α
F (ω) =
1
α + i(ω − ω0) . (A.8)
This result explains for example the temporal transmission of a microcavity. Since
a cavity mode can be modeled by a Lorentz function in the frequency domain, the
time decay of the transmission is exponential. This is also a typical behavior of
the harmonic oscillator and presents the relation between the line spectrum and its
temporal properties.
Gaussian
Assuming a Gaussian function
f(t) = e−αt
2
(A.9)
the corresponding linewidth (FWHM) in time is δt = 2
√
ln 2
α
. The Fourier transform
is again a Gaussian function with
F (ω) =
√
π
α
e−
ω2
4α (A.10)
and results in a linewidth (FWHM) in frequency of δω = 4
√
α ln 2. The relation
between Gaussian spectra and time traces occurs for example in laser spectroscopy,
where ultrashort laser pulses with pulse length in the picosecond range and below
have Gaussian temporal shape and thus also Gaussian spectra. The linewidth in time
and frequency are inverse proportional so that shorter Fourier transform limited laser
pulses have a broader spectral width. As an example, a 800 nm laser (ν = 375 THz)
with a 100 fs pulse length has a spectral width of about 20 nm.
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A.2 Reconstruction of the transmission
up-conversion signal
In the optical gating experiments on microcavities, the temporal evolution of a
transmitted laser pulse is investigated. This work is focused on the behavior of the
cavity resonances only. In the standard approach, transmission linewidth and phase
shift of a cavity mode T (ω) are modeled by a Lorentzian, with
T (ω) =
µ
γ + i(ω − ω0) . (A.11)
Here, µ is the amplitude, γ describes the corresponding linewidth and ω is the center
frequency of the resonance. In the present model, the electric field EL(ω) of a laser
pulse is approximated by a Gaussian function:
EL(ω) = e
− (ω−ωL)
2
2Γ2 , (A.12)
with the spectral width Γ and the central frequency ωL.
Before passing the microcavity, the laser beam is split in sample and gate beam.
Therefore, sample and gate pulse have an equal spectrum and can be explained by
the same Gaussian. The spectrum of the transmitted light ET (ω) = T (ω)EL(ω)
is guided into the non-linear crystal. In the crystal, the transmitted light is up-
converted by the temporally delayed gate pulse. Finally, the up-conversion signal is
detected spectrally resolved in dependence on the delay time τ .
The amplitude U(ω, τ) of the up-conversion signal can be expressed by a threefold
Fourier transform, with
U(ω, τ) =
∞∫
−∞


∞∫
−∞
n∑
j=1
µj
i(ω′ − ωj) + γj
︸ ︷︷ ︸
cavity modes
e
−(ω′−ωL)2
2Γ2
︸ ︷︷ ︸
incident laser
eiω
′tdω′


×


∞∫
−∞
e
−(ω′′−ωL)2
2Γ2
−iω′′(t−τ)
︸ ︷︷ ︸
gate laser
dω′′


eiωtdt. (A.13)
The Fourier transforms in the brackets separately convert the transmission signal and
the gate pulse from frequency domain into time domain. The up-conversion signal as
the product of both Fourier transforms is finally reconverted into frequency domain
by a third Fourier transform. This equation demonstrates the complete process in
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an descriptive way and enables a numerical calculation of the detected signal.
In the following, an approach for an analytical solution of the problem is given.
First, we only consider the transmission of one cavity mode with the center frequency
ω0, and at the end present the result as a sum of several modes.
By the application of the convolution theorem (A.4), the up-conversion signal
can be rewritten as the convolution integral of the transmission and the delay pulse
by
U(ω, τ) =
∞∫
−∞
µ
e
(ω−ωL−ω′′)2
2Γ2
− (−ωL+ω
′′)2
2Γ2
−iτω′′
γ + i(ω − ω0 − ω′′) dω
′′. (A.14)
This equation is rearranged by a number of substitutions to
U(ω, τ) =
Γ
i
∞∫
−∞
µ
e−k
2−−2z
2+ω2−2ωωL+2ω2L
2Γ2
k − a dk (A.15)
with
z =
−iΓ2τ + ω
2
, k =
(z − ω′′)
Γ
, and a =
z + iγ − ω + ω0
Γ
. (A.16)
In the following, a tabulated formula [238] is applied for the determination of the
integral:
i
π
∞∫
−∞
e−k
2
−k + adk = e
−a2Erfc(−ia). (A.17)
By the introduction of the complementary error function Erfc, the up-conversion
amplitude has the analytical form of
U(ω, τ) = −Γπµe−a2−
−2z2+ω2−2ωωL+2ω2L
2Γ2 Erfc(−ia). (A.18)
In a next step, the substitutions are replaced and we get the final formula for the
up-conversion signal amplitude of a single mode:
U(ω, τ) = −Γπµ exp
{
−−2γ
2 + ω2 + 2γ(Γ2τ + i(ω − 2ω0))
2Γ2
}
× exp
{
−−2iΓ
2τ(ω − ω0)− 2ωω0 + 2ω20 − 2ωωL + 2ω2L
2Γ2
}
× Erfc
[
−−2γ + Γ
2τ + i(ω − 2ω0)
2Γ
]
(A.19)
The analytical formula enables a precise description of the up-conversion signal
dynamics and the influence of every single parameter. When several modes of a
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microcavity contribute to the transmission of the laser pulse, the amplitudes U(ω, τ)
of each mode can be added with respect of their corresponding phase. For non-
coupled modes, as for example in the transmission of anisotropic single cavities, the
amplitudes are simply added. In coupled microcavities, the phase shifts at the mode
resonances deviate by 180◦ and either the sum or difference of the amplitudes models
the detected signal accurately.
A.3 Optical thin film nomenclature
In thin film optics, a special nomenclature is used to express a thin film structure in
a short form. A capital letter denotes the material, which is defined by its optical
constants. Frequently used expression are H and L for high and low refractive index
material, respectively, T for titanium dioxide and S for silicon dioxide. The thickness
type is given by a small letter ’m’ for massive (no phase shift), ’p’ for physical and
’o’ for optical. In the case of an absent small letter the layer thickness is also optical
and given in quarter wavelengths at the design wavelength.
The following examples illustrate the convention:
2.2H high index material with an optical thickness of 2.2 quarter wavelengths
500Sp 500 nm thick silicon dioxide layer
4Tm 4 mm thick titanium dioxide layer
Additionally, repetitions of layers may be combined into groups using parentheses.
The design
1T 1S 1T 1S 1T 2S 1T 1S 1T 1S 1T
could also be written for example as
(T S)2 T 2S T (S T)2 or (T S)3 (S T)3.
As an additional convention, a layer stack is oriented with the semi-infinite substrate
attached to the left and the semi-infinite ambient medium connected to the right
side. This defines the incidence of the light from the right side and the reflectance
calculation at the right border. The values calculated for transmission are valid for
the left edge of the layer structure.

List of Abbreviations
Alq3 tris-(8-hydroxyquinoline)- aluminum
BBO beta-BaB2O4
CCD charge coupled device
cw continuous wave
DBR distributed Bragg reflector
DCM 4-(dicyanomethylene)-2-methyl-6-[p-(dimethylamino)styryl]-4H-pyran
DFB distributed feedback
FDTD finite difference time domian
FRET Förster/fluorescence resonance energy transfer
FWHM full width at half maximum
GLAD glancing angle deposition
H2 5-chloro-2-[3-[5-chloro-3(3-sulfopropyl)-2(3H)-benzothiazolylidene]-2-methyl-
1-propenyl]-3-(3-sulfopropyl) benzothiazolium hydroxide
LPB lower polariton branch
MC microcavity
OLED organic light emitting diode
OVCSEL organic vertical cavity surface emitting laser
PL photoluminescence
PVA polyvinyl alcohol
QWOT quarter wave optical thickness
RCLED resonant cavity light emitting diode
SiO2 silicon dioxide
TE transversal electric
TiO2 titanium dioxide
TM transversal magnetic
UPB upper polariton branch
VCSEL vertical cavity surface emitting laser
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and K. Leo, “Dual-wavelength laser emission from an organic microcavity with
terahertz beating,” Appl. Phys. B 86, 413, 2007.
[189] G. Christmann, D. Simeonov, R. Butté, E. Feltin, J.-F. Carlin, and N. Grand-
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M. Levichkova, J. Assa, H. Fröb, R. Gehlhaar, and K. Leo, 3rd International Sympo-
sium on Irradiation Induced Phenomena in Chalcogenide, Oxide and Organic Thin
Films, Tryavna (2005)
Terahertz-modulated emission from an organic VCSEL
M. Swoboda, M. Koschorreck, R. Gehlhaar, V. G. Lyssenko, M. Sudzius, H. Fröb, M.
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